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Abstract 
Inhaling excessive amounts of respirable coal dust will lead to work-related lung disease 
commonly known as Coal Worker’s Pneumoconiosis (CWP) or black lung. Prevention and 
control of CWP requires accurate knowledge of the dose-response relationship to set-up and 
review occupational exposure limits (OELs), which do not exist in SA. Due to historical 
reasons, poor emphasis of occupational health on the mines resulted in inadequate exposure 
data in SA. The new Mine Health and Safety Act (1996) overcame the deficiencies of the 
past and require quantifying the dust exposure and efficiency of dust control measures, and 
continuous risk assessments for dust exposure. 
 
The current method of exposure assessment is expressed using an Air Quality Index (AQI) 
which is the ratio of the measured dust level and OEL of coal dust. The difficulties with the 
usage of AQI are poor descriptions of dust problem areas and its magnitude, poor quality of 
the data leading to “no dust problem situation” and failure to extract information on ‘dose in 
milligram’ to relate them to the disease rate. Gravimetric size-selective dust sampling was 
introduced for the first time in 1990 in SA. Due to the lack of critically important coal dust 
exposure data available, this thesis has set out to examine several critical exposure related 
parameters and determine dust levels underground. 
 
This research study had the objective of the development of a pragmatic diagnostic tool 
(method) called the Dust Exposure Level Index (DELI) to evaluate the exposure of workers. 
The DELI incorporates a set of controllable parameters and influential areas and prioritises 
them to manage and reduce the worker exposure. The DELI model was to provide critical 
information as an index, i.e., to show whether the environment is dusty, border line or 
relatively free of dust and effectiveness of administrative and engineering dust control 
measures. The research work in this thesis has led to very explicit conclusions, which were 
based on extensive dust measurements in various coal mines over a five year period. 
Conclusions obtained for the various sets of controllable parameters used in the DELI model 
are as follows: 
 
A previous analysis of the dust data during 1990 indicated that the dust levels have 
increased with mechanisation. The contamination of coal dust samples due to stone 
dusting can result in high dust levels giving a “false” indication of the efficiencies of 
the dust-control systems. 
The dust exposure levels during coal cutting indicated that a worker positioned inside 
the cabin of a CM during the cutting of a 24 m coal block is at a higher dust exposure 
risk than the worker when cutting a 12 m coal block. Also, the miner who is operating 
in a heading is exposed to higher dust exposure risk than in a split. 
The analyses of measured real-time dust data showed a clear relationship between the 
average dust levels and the frequency of occurrence of “peak” dust levels. The study 
demonstrated a clear method of using real-time dust data for assessing exposure. 
The average measured section intake dust level was 0.80 mg/m3 and 60 % of the 
collected data exceeded the 0.5 mg/m3 limit indicating that this is a base dust level to 
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which the worker is exposed without carrying out any additional work in the section. 
The average measured section return dust level was greater than 2.0 mg/m3 indicating 
the high exposure levels of workers, and ineffectiveness of the ventilation and dust-
control systems. 
The results of this research study indicated that there is no conclusive relationship 
between the rate of coal production and respirable dust levels. Also, the type of dust 
control system used has pronounced effect on dust levels in the sections. The capture 
efficiency of any dust control system is not one hundred percent at any given time. 
During any cutting process for a given time and dust control type, part of the escaped 
respirable dust is added to the coal face atmosphere through air re-circulation. 
Therefore, respirable dust levels can be expected to increase with time during the 
shift, even at constant production levels. 
A limited number of particle size analyses have indicated that there is no clear 
relationship between the dust concentration in mg/m3 and total surface area (m2) of the 
respirable dust sample. 
For the first time, a clear delineation of coal types (semi-bituminous and semi-
 anthracite) that possess the most inherent respirable dust generation potential 
(IRDGP) was possible (p = 0.000). Also, there was no conclusive relationship 
(p = 0.373) between different semi-bituminous coal seams (1, 2, 4 and 5) and IRDGP. 
The laboratory roll-crusher test results of South African coal types indicated that 
average inherent silica for the test coals was 3.54 %. 
 
The DELI model took into account, the merits of personal exposure data in exposure 
assessment, but the limitations and quality of data one obtains in the South African situation 
overweighed use of the fixed-point sampling. The “limits of acceptability” used in DELI are 
based upon acceptable guidelines prescribed by the authorities such as National Institute of 
Occupational Safety and Health (NIOSH), Mine Safety and Health Administration (MSHA), 
South African Department of Minerals and Energy Affairs (DME) and latest information on 
epidemiological studies. The DELI model gives the visual “colour” coding and descriptive 
categories for easy interpretation and understanding of exposed dust level to uneducated 
workforce. This type of DELI index representation gives a clear and concise picture of the 
mine or various section dust conditions. The DELI model exposure assessment technique 
gives accurate feedback because it was based on latest recommended size-selective 
sampling methods and instrument and vast amount of measured data, which was not 
previously available. The application of the developed DELI model for exposure assessment 
and its comparison with AQI were evaluated for coal mine dust data. The study 
demonstrated that the DELI model is a practical diagnostic tool that gives a fair reflection 
and information on dust levels and is an exposure assessment tool for the coal mining 
industry that will assist in reduction of CWP in South Africa. 
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Chapter 1 Introduction 
1.1 Introduction 
 
The mining industry continues to be the foundation for the economic growth and 
development of South Africa. The mining industry’s contribution to gross 
domestic product (GDP) was 7.5 % in 2001 and the overall contribution of mining 
to GDP is estimated to be about 10 % (COM, 2001). South Africa is the world’s 
third largest steam coal exporting country and the fourth largest producer. Power 
generation dominates domestic coal consumption using 58 % of the coal 
consumed, followed by the production of synthetic fuels at 32 %, metallurgical 
use at 2 % and others at 8 %. Figure 1.1 shows the South African coal production 
and the workforce over the years. From the plot it is noticed that the coal 
production has increased while the number of workers in the coal mining industry 
has decreased. When compared with countries like Australia and Canada, the 
number of South African work force is in an order of magnitude higher. 
 
0
50
100
150
200
250
19
74
19
76
19
78
19
80
19
82
19
84
19
86
19
88
19
90
19
92
19
94
19
96
19
98
20
00
20
02
Year
C
o
a
l P
ro
du
ct
io
n
 
in
 
M
et
ric
 
M
ill
io
n
 
To
n
s
0
10
20
30
40
50
60
70
80
N
u
m
be
r 
o
f W
o
rk
er
s,
 
00
0'
s
 
Figure 1.1: South African coal mining workforce 
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Like in any industrial operation, coal mining is also affected by both safety and 
health hazards. The safety hazards such as fall of grounds, moving machinery, 
explosions result in loss of life. Similarly, inhaling various types of dusts would 
result in health hazard such as debilitating lung related respiratory diseases.  
Figure 1.2 shows the underground and surface coal mine fatalities. The plot shows 
the decrease in the fatalities in the coal mining industry in the last decade. 
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Figure 1.2: South African coal mine fatalities 
 
Pneumoconiosis among coal miners (known commonly as black lung) is caused 
by inhaling excessive amounts of respirable coal mine dust. It can be prevented by 
reducing exposure to this dust, and to this end, coal mine operators are required to 
monitor dust exposure of workers. In South Africa, the Mine Health and Safety 
Act was enacted in 1996 after the Leon Commission of Enquiry into the health 
and safety of workers. According to the act, inspectors from the Department of 
Minerals and Energy Affairs (DME) inspect, issue notices, report and inquire on 
the dust related matters. In the United States, dust monitoring and other measures 
designed to prevent black lung (medical surveillance, development of dust control 
methods, and epidemiological research) were implemented following passage of 
the Federal Coal Mine Health and Safety Act of 1969, and continued unchanged 
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when that act was amended in 1977. 
 
For public policy to be rational and effective, it is axiomatic that the objective of 
the standards and the information for its foundation must be accurate (Weeks, 
1995). When operators provide data for enforcement purposes, they have both an 
incentive and an opportunity to make dust exposure appear as low as possible. In 
the USA, it was noted that sometimes mine operators achieved this through legal 
means through loopholes in the regulations and some through illegal means 
(Weeks, 2003). The incentive arises from a desire to avoid punitive actions; the 
opportunity arises because operators can submit the dust values without the direct 
oversight of enforcement authorities. 
 
Opportunity based submission of the dust data may sometimes result in the 
inclusion of very low dust values (< 0.1 mg/m3) in the submitted dust data to the 
enforcement authorities or management. Inclusion of such very low dust values 
knowingly or unknowingly due to measurement faults can significantly 
underestimate the worker exposure to dust. Therefore, data provided to the 
enforcement authorities for the purpose for estimating worker dose requires 
careful analysis and large human resources. The luxury of such resources is not 
available in South Africa, where the DME is severely short of the mine inspectors. 
 
‘Healthy work’ and ‘healthy workplaces’, as a basis for ‘occupational health’ and 
‘occupational hygiene’, with their medical associations, and ‘occupational safety’, 
with the implied emphasis on regulation, have become mainstream political and 
economic issues in both industrialized and developing countries (Ennals, 2002). In 
Southern Africa, this was seen as central to sustainable development during a 
SADC ministerial meeting (SADC, 2002). Workplace health in the mining 
industry is acquiring both political and economic dimension in the Southern 
African region. With globalization, the mining companies are outsourcing the 
mining activities to contract labour resulting in ambiguous responsibilities. In 
South Africa the burden of diseases from working in mines was unacceptably 
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high, peaking at about 25,000 applications for compensation for occupational lung 
diseases (Anon, 2002). Further a tripartite committee, consisting of the National 
Union of Mineworkers (NUM) and the Mine Workers Union (MWU), and the 
Chamber of Mines and the Department of Minerals and Energy Affairs (DME), 
was formed in 1997 to consider sections of the Occupational Diseases in Mines 
Act (1973). Against this background the issue of workplace dust and workers 
exposure to dust is recognized as being central to employer, employee and 
governmental policies. In South Africa, there are two compensation Acts, which 
makes provision for compensation for those workers with occupational diseases 
resulting from occupational exposure to dust such as coal dust and silica or quartz 
dust. 
 
The Occupational Diseases in Mines and Works Act (Act 78 of 1973) (ODMWA 
Amendment Act 1993) provides for compensation for cardiorespiratory diseases, 
arising from occupational exposure in mines and scheduled works. Compensation 
for employees is guaranteed without regard to apportionment of blame. The 
amendment of 1993 has authorised owners of mines and works to issue 
certificates of fitness to employees. The Certification Committee, based at the 
Medical Bureau for Occupational Diseases (MBOD), remains responsible for 
certifying people as being first or second degree disabled. Payment remains a 
lump sum payment, influenced by the job category of the miner or ex-miner. A 
spouse is eligible for lump sum payment for disease proven on post mortem 
irrespective of the cause of death. 
 
Compensation for Occupational Injuries and Diseases Act (Act 130 of 
1993)(COIDA) provides for compensation for disablement caused by occupational 
diseases contracted by employees in the course of their employment, or for death 
resulting from such injuries or diseases; and to provide for matters connected with 
the above. According to Schedule 3 of the Act, pneumoconiosis-fibrosis of the 
parenchyma of the lung resulting from exposure to organic or inorganic fibrogenic 
dust, e.g. silicosis and CWP, is compensable. Compensation is paid to successful 
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claimants from a Compensation Fund that is financed by a levy paid by industry. 
The worker is compensated for the injury or disease, not for the loss of the job or 
the inability to continue a particular job. 
 
The MBOD renders medical examination benefits to active and former mine 
workers and provides its service delivery to all its clients. Mine workers certified 
as suffering from occupational respiratory diseases are then compensated. The 
surveillance is ongoing. The major difference between the two compensation 
systems is outlined in the following Table 1.1. 
 
Table 1.1: Major differences between ODMWA (1973) and COIDA (1993) 
 
ODMWA (1973) COIDA (1993) 
• Treatment for a period of 24 
months from the date of diagnosis. 
Medical aid payment may be 
extended where the treatment may 
reduce the disease or improve 
clinical symptoms. 
• Payment of 75% of any wages 
lost up to a period of 6 months. 
• Lump sum payment for first or 
second degree occupational 
diseases. 
• Miners, including ex-miners, 
have a life long right to benefit 
medical examinations to exclude 
occupational lung diseases. 
• This compensation system is a 
no-fault system. 
• Payment for medical expenses for 24 months. 
If treatment is more than 24 months, permanent 
disability (PD) is assessed. Further treatment 
will be considered only if it will reduce 
disability. 
• Payment for total temporary disablement 
(TTD) is for 12 months and may be extended to 
24 months at the discretion of the CC. This is 
equivalent to 75 % of the employee’s total 
earnings. 
• Payment for PD is for loss of function or loss 
of any body part. If PD is less than 30 %, a lump 
sum is paid and if more than 30 %, a monthly 
pension is provided. 
• Death benefits to the dependants if the death 
is due to injury or occupational disease. 
• This compensation system is a no-fault 
system where the employer is protected against a 
civil claim from the employee and the employee 
has the right to compensation. The employee can 
however claim for extra compensation where 
negligence on the part of the employer can be 
proven. 
 
 
A decision has been made to integrate the two compensation systems (COIDA and 
ODMWA) and to amend all the relevant legislations to effect the creation of a 
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single compensation system. This integration (which is currently being discussed) 
is required to standardise procedures, unify and equalise benefits, while at the 
same time ensuring that all those entitled to these benefits have access to them. 
 
In order to reduce the number of CWP cases, the South African coal mining 
industry requires a well-established strategy in dust measurement, dust control, 
exposure assessment and dedicated dust research. Currently, such a strategy in the 
mining industry does not exist and dust control strategies have been well 
established overseas, for example, USA. According to the National Academy of 
Sciences (NAS) Committee on the Measurement and Control of Respirable Dust 
(NRC, 1980) "…the bureau's (earlier U.S. Bureau of Mines) past and future 
research has been, and is intended to be, directed mainly at the development of 
improved measuring instruments, mining machines that produce less respirable 
coal mine dust, suppression of respirable dust primarily by water sprays, and 
control of respirable dust principally by ventilation..." The conditions in coal 
mines have been improved, principally through the adoption of existing 
technology--but continuation along these lines will yield diminishing returns. 
 
Very effective methods of controlling dust by applying water to deal with the dust 
at source were developed by the U.S. Bureau of Mines (USBM) following the 
studies on the interactions between water droplets and dust particles (King, 1980). 
With existing technology, Jayaraman, Schroeder, and Kissell (1984), Jayaraman 
and Jankowski (1988) Jayaraman et al. (1989), Jayaraman et al. (1991), Alaboyun 
(1989) and Hu (1992), Belle (1996) and Ramani and Belle (1997) have shown the 
improvements that could be achieved in dust control techniques. In South Africa, 
after the promulgation of the Mine Health and Safety Act (1996), significant dust 
control measures have been carried out in the continuous miner (CM) and road 
header (RH) and longwall faces through the Safety In Mines Research Advisory 
Committee (SIMRAC). The recent South African research on various dust control 
technologies (Du Plessis, Belle and Vassard, 1998; Belle and Du Plessis, 1998a 
and 1998b; Belle, Van Zyl, and Du Plessis, 2001; Belle et al., 2002; Belle and 
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Clapham, 2002, Belle, 2002) have indicated that the dust concentration at the 
operator’s position in an underground mining environment can comply with the 
limits as prescribed by the DME directive of 1997. 
 
Measurement of dust is an important aspect in determining the exposure levels. 
The current standards on dust exposure levels were derived by using size-selective 
dust sampling instruments and methods of medical examination. Apparently, these 
standards are blindly accepted (at least in South Africa) for use when the sampling 
and examination are done by quite different methods and conditions. An 
International Labour Organization (ILO, 1967) publication clearly concluded 
“...No evaluation or comparison of dust contents ... has any significance unless the 
type of equipment, method of sampling and the nature of the dust are precisely 
known ... Except in case of homogeneous dust clouds with a constant particle size 
distribution, the correction factors will always vary with the particle size 
distribution or the nature, or both, of the dust examined.” 
 
The major objective of this proposed study is the development of a Dust Exposure 
Level Index (DELI) for the South African underground coal mines for dust 
exposure assessment. The literature review work of the study will look into the 
mine dust standards of various countries, the limits of dust exposure and the 
reasons behind the set levels. A second objective is to evaluate the existing 
method of determining the exposure levels and compare it with the DELI. 
 
1.2 Problem Statement 
 
The dust hazard to miners in South Africa was first specifically recognized and 
brought under intensive study, during the early years of this century. Despite the 
South African mining industry’s early achievement, it has not kept pace with the 
rest of the world. The problem is, however, being addressed by research programs 
and this current study forms part of this research. The history of dust measurement 
and type of instruments used are discussed in detail in Section 2.5.11. 
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In well-ventilated coal mines, the dust becomes well mixed over the cross-section, 
and the point-to-point differences in concentration tend to be less than those 
occurring in surface industries. Nevertheless, concentrations differ significantly in 
the intake air, downwind of the workings, and in the immediate vicinity of coal 
cutting machines. Also, the workers move from place to place, into different dust 
concentrations, during the shift. 
 
In the early 1960’s, the measure of hazard was provided by average dust levels 
rather than peaks of dust exposure. Also, peak levels were not used as it was 
thought that the peak levels would misdirect the study of dust suppression through 
collection efficiency. It was also argued at that time that it could not be stated with 
certainty whether the average value is correct (Wright, 1953; Wright 1957). 
Studies on animals did not show any difference between amount of dust 
accumulated at high and average concentrations. The study did not focus on 
influence of variation in exposure periods on dust accumulation at peak dust 
concentrations.  
 
In the 1950's and 1960's, experiments on animals revealed that pathological 
changes were closely related to the surface or mass of the dust rather than to the 
number of particles. This led to the conclusions that dust mass would prove to be 
the best parameter. It was also recognized that in mixed dusts the hazard will 
dependent on composition. Analyses of epidemiological data indicate that the 
higher the rank of coal mined, the greater is the prevalence of Coal Workers 
Pneumoconiosis (CWP) amongst miners. The physical characteristics of the coal 
mined may be partly responsible for the regional differences in the incidence and 
prevalence of CWP. Therefore, this study will be focusing on developing an index 
which is based on various parameters, viz., the coal cutting methods, working 
areas, frequency of peak dust concentration levels, Inherent Respirable Dust 
Generation Potential (IRDGP), etc. 
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Research by the United Mine Workers of America (Weeks, 1995) has shown that 
mines with one section were far more likely to have frequent very low 
concentration (VLC) samples, and mines with five or more sections were very 
unlikely to have frequent VLC samples. The exact reasons for these observations 
are difficult to conclude. There is considerable evidence that exposure level is 
influenced by mining method and individual mine effects. Mine effects could 
result from practices and conditions peculiar to each mine and have to do with 
geological and other conditions, the condition of coal cutting machines, and the 
use and effectiveness of dust control methods. Dust exposure control methods 
vary from mine to mine and section to section. In South Africa, during many 
instances the non-random occurrence of VLC samples below 0.1 mg/m3 were 
observed (Belle, 2002). In any event, the detection limit for the dust measuring 
instruments currently available is 0.1 mg/m3 and at mass loadings of less than 
0.5 mg, the precision of respirable dust measurements is less (Kogut et al., 1997). 
The question of exposure limits set by the regulatory authorities in respective 
countries, and the need for careful analysis of submitted operator dust 
concentration data is clearly important from an exposure assessment and control 
point of view. 
 
Personal exposure data in the mines under similar working conditions show a 
greater variability and the differences in exposure levels due to spatial variation. 
Therefore, it would be useful to have an investigative or diagnostic tool called 
DELI (Dust Exposure Level Index) that will incorporate a set of parameters, 
which greatly influence the exposure levels. It is predicted to be a very useful tool 
to the mine operators to check on their process, mine workers to identify their 
exposure levels and the enforcement authorities to develop their judgement on the 
values supplied by mines. 
 
1.3 Scope of Work 
 
In the coal mining world, South Africa has some of the best mining conditions 
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resulting in long development headings and increased production. This requires 
innovative dust control technologies specifically for South African coal mines, 
which are operating at seam heights of greater than 3.5 m unlike the mines in 
USA. With enticement for coal production and resulting financial rewards, the 
focus on working environments are often neglected or take a back seat. The Leon 
Commission of Inquiry (1994) looked into the Occupational Health and Safety 
(OHS) in the South African mining industry for the past 30 years or more. The 
Commission found that over 69,000 mine workers had died in the first 93 years of 
this century, and more than a million were seriously injured. 
 
In previous years, the main emphasis and focus of occupational health activity on 
the mines has been on regulating the compensation for occupational diseases 
rather than the prevention thereof. The Minerals Act focused predominantly on 
safety issues in the mining industry with little or no emphasis on promoting the 
occupational health status of workers. The deficiencies were overcome by the new 
Mine Health and Safety Act (MHSA, 1996) to provide the comprehensive legal 
framework for creating a healthy and safe working environment. The Mine Health 
and Safety Act of 1996 entrenches the right of workers to refuse to do dangerous 
work, thereby paving the way for improved health and safety conditions in the 
mining industry. 
 
According to the World Health Organization (WHO) report (2002), development 
of work-related lung diseases is influenced by the amount of exposure and the 
toxicity of the dust, and the diseases are characterized by long latency periods. 
Therefore, even in countries in which exposures have been recognized and 
controlled, the disease rates are only gradually declining (NIOSH, 1999). However 
rate trends in developing countries like South Africa are mostly unknown but the 
magnitude of the problem is substantial (Chen et al., 2001). In 1980, the National 
Academy of Sciences (NAS) Committee on the Measurement and Control of 
Respirable Dust in Mines of USA, recommended that the spatial and temporal 
characteristics (of fragments produced in coal mining) need to be understood so 
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that the exposure of workers to the dust can be controlled. The WHO report 
(2002) suggests that these diseases are entirely preventable through elimination of 
exposure through wet methods of excavation and ventilation at work places. 
 
The research proposed in this study has the objective of the development of a 
unique index to evaluate the dust exposure of a mine worker at the workplace. The 
index is called the Dust Exposure Level Index (DELI). This index will be unique 
as it depends on many parameters, which were not used heretofore. With the 
evolvement of effective dust control techniques, better understanding of size-
selective sampling, newly developed real-time monitoring instruments and 
monitoring of respirable dust is now a practical possibility, and focusing attention 
on quantitatively measuring the exposure levels through a qualitative index is 
appropriate. 
 
The scope of work for this study has included conducting a series of laboratory 
experiments to obtain the basic information (e.g., determine the inherent respirable 
dust generation potential of coal), which was not currently available in South 
Africa. This was followed by collecting additional field data by studies 
underground to reinforce the existing data for analyses where applicable. Lastly 
this was followed by the statistical analyses of the data. These will ultimately 
result in the development of the DELI. This is further compared with the existing 
means of evaluation of dust exposure levels. 
 
1.4 Importance of Work 
 
The results from the proposed work are important as they are expected to achieve 
the following: 
 
1. DELI will be an administrative tool incorporating the set of controllable 
parameters that greatly influence the assessment of worker dust exposure 
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levels. It will be useful to mine operators to check on their process, 
mineworkers to identify their estimated qualitative exposure levels and the 
enforcement authorities to have their views influenced by the index. 
2. It will identify the major operational factors affecting the exposure level of 
workers to coal dust. 
3. As the development of a comprehensive index of exposure has not been 
done anywhere in the world, thus will be unique to the South African coal 
mining industry. 
4. Clarifies the current disagreement, where mines, which are under non-
compliance due to the uncontrollable natural circumstances that differ 
from, mine to mine. This would enable the non-compliance mine operator 
to search for innovative production techniques in order to reduce the dust 
levels. 
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Chapter 2 Literature Review 
2.1 Historical Background 
 
Dust is an immediate by product of any type of mining operation, both 
underground and surface (metal and non-metal). Preparation plants, processing 
plants and materials-handling sites such as harbours are also operations that 
present a wide variety of dust problems. Dust is defined as a solid particle 
(excluding the fiber) aerosol formed by the mechanical disintegration of a parent 
material by various processes such as crushing and grinding. 
 
Pneumoconiosis is the general term used for diseases of the lungs caused by 
inhaling dusts. The dust becomes embedded in the lungs, causing them to harden 
and making breathing very difficult by reducing the lung's ability to extract 
oxygen from air (NIOSH, 1995). Pneumoconiosis is defined as "a diagnosable 
disease of the lungs produced by the inhalation of dust, the term being understood 
to refer to particulate matter in the solid phase, but excluding living organisms," 
(3rd International Conference of Experts on Pneumoconiosis, 1950). When very 
fine dust particles are inhaled, they can accumulate in the lungs, resulting in lung 
diseases. Tissue reactions such as fibrosis or scarring of lung tissue can result 
from the inhalation of certain dusts. 
 
There are many types of pneumoconiosis such as silicosis, siderosis and fibrosis. 
Silicosis is an incurable lung disease resulting in death or disability. The presence 
of crystalline free silica, commonly called quartz, can cause silicosis, which is a 
disabling, irreversible form of pneumoconiosis. The hazard of breathing dust 
depends greatly on the composition of the dust, the concentration, particle size and 
duration of exposure. The disease of coal miners, known as "black lung or Coal 
Worker's Pneumoconiosis (CWP)" was recognized in Britain over 300 years ago 
(Evelyn, 1661). In the 1800s the disease was referred to as spurious melanosis, 
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miners' asthama, anthracosis, black phthisis and silicosis (Gregory, 1831; 
Laennec, 1819; Pearson, 1813; Gibson, 1833, Makellor, 1845). Up until the 1920s 
it was thought that lung disease associated with coal mining was caused by silica 
dust rather than the coal dust itself. 
 
CWP is the condition caused when mixed coal dust from the working 
environment is inhaled and accumulates in the lungs. Initially, Coal Workers' 
Simple Pneumoconiosis (CWSP) occurs when sufficient coal dust has 
accumulated in the lungs to form small macules. The macules are formed when 
macrophages engulf the particles and engulf together; subsequently reticulin fibers 
proliferate to consolidate the lesion. In general the severity of CWP can be simply 
related to the progressive deposition and retention of respirable coal dust 
generated during mining operations. The development of Pulmonary Massive 
Fibrosis (PMF) is associated with a further high rate of coal dust accumulation in 
the lungs (Davis, 1979). PMF lesions are large dust lesions over one centimeter in 
diameter, located mainly in the upper and posterior regions of the lungs. PMF 
leads to greatly impaired respiratory function and has a high mortality rate for 
affected patients. 
 
Coal Workers' Pneumoconiosis (CWP), as distinct from classical silicosis, had 
first been recognized as a compensable industrial disease in 1943, after the 
investigations in the UK between 1936 and 1941 by the Medical Research Council 
(MRC) (Hart and Aslett, 1942). In 1945 the Pneumoconiosis Field Research Unit 
(PFRU) was established in South Wales, UK. The National Insurance Act (1946) 
came into force in 1948 and permitted miners in receipt of disability benefit to 
continue working in the mines under 'approved' dust conditions based on a report 
by the MRC (Bedford et al., 1943). 
 
Coal mining in South Africa employed in excess of 57 000 people in 1998 
(SIMRAC Handbook, 2001). The output is predominantly bituminous coal 
although a small amount of anthracite coal is also mined. The silica content of 
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South African coal is generally fairly low. Mpumalanga, Gauteng and Free State 
coal has a quartz content of about 2 %, whereas that of Natal contains 3% (White, 
2001). 
 
2.2 Epidemiological Research 
 
Human health studies provide the greatest relevance when assessing effects of 
exposure to dust. Yet they suffer from a difficulty in eliminating the effects of 
confounding exposures (e.g., the effects of smoking and exposure to other 
environmental carcinogens). In epidemiological studies historical exposure data 
have often not been well characterized or documented with great accuracy. These 
limitations result in a wide range of estimates of the effects of exposure to dust on 
the health of the exposed mine workers (Jurinski, 1997). Medical prevalence data 
show the number of miners known to have radiographic changes of 
pneumoconiosis at a stated point in time. Prevalence can be influenced by 
movements in populations, particularly of older miners, inaccurate data gathering 
due to early retirement or job losses. 
 
Post-mortem studies of miners' lungs have shown a relationship between the 
average weight of dust in the lungs and the radiological category of 
pneumoconiosis (Rivers, et al., 1960; Rossiter, 1972). Experimental studies 
carried out on animals when injected with quartz dusts of different particle sizes 
produced pathological changes that were more closely related to the mass or 
surface of the dust than to the total number of particles (King et al., 1953; Zaidi et 
al., 1956). 
 
Since the early research, cumulative exposure has been identified as one of the 
most critical factors in the development of pneumoconiosis. Duration of exposure 
and the amount of airborne respirable dust present in the mining environment have 
a significant influence upon the prevalence of the disease. In 1971, Reisner 
concluded that the development of CWP was 'largely due' to the frequency and 
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severity of exposure. Further, Reisner (1971) suggested that individual large 
exposures to mixed dust could be important in certain cases. The findings 
indicated the distinct correlation between a worker's estimated exposure and the 
risk of developing CWSP (Jacobsen et al., 1980; Attfield et al., 1995). 
 
Inhaled respirable dust particles will reach the alveoli of the lungs and cause 
health effects. Experiments on animals have revealed that with the dust present in 
inhaled air as suspensions of solid particles, the potential hazard depends on both 
the particle size and the mass concentration because of: 
 
• the effects of particle size on the deposition site within the respiratory tract 
• the tendency for many occupational diseases to be associated with material 
deposited in particular regions of the respiratory tract. 
 
Studies have shown that the risk of progression to a higher category of 
pneumoconiosis increases with increasing intensity of exposure (mean dust 
concentration) (Jacobsen et al., 1970, 1971) and increasing cumulative exposure 
(i.e. intensity × duration) (Jacobsen, 1973, 1979). 
 
The dust exposure of any individual miner is a function of the dust concentrations 
in the mine areas in which he has worked and the number of years he has been 
employed. The diagnosis of CWP is based on a history of occupational exposure, 
X-ray findings, and in some instances, direct examination of lung tissue by biopsy 
or autopsy. CWP can be classified according to radiographic appearance into 
simple and complicated disease categories. Each of these categories can be sub 
classified into three stages. Simple CWP is a condition, which does not cause 
disability or decrease life expectancy. Category 1, simple CWP, is a relatively 
benign condition. On the other hand, complicated CWP can cause significant lung 
damage and result in excessive shortness of breath, pulmonary hypertension, and 
congestive heart failure (ILO, 1980). 
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Epidemiological research regarding the development of CWP has been carried out 
in Germany, Great Britain, USA, and other countries (CNR, 1976; Morgan et al., 
1973; Attfield and Hudak, 1981; Reisner, 1973; Hurley et al., 1979). Based on 
these studies, exposure-response (E-R) relationships have been derived between 
cumulative exposure and respirable dust levels and the risk of developing 
pneumoconiosis. The first phase of German epidemiological studies began in 1960 
relating over 18,000 miners from 13 different mines to disease. Figure 2.1 shows 
the exposure-response curves, which represented the probability of developing 
category 2 or higher pneumoconiosis with 35 years of dust exposure. 
 
In Great Britain, the Institute of Occupational Medicine (IOM) coordinated two 
epidemiological studies in 1970 (Jacobsen et al., 1970; Jacobsen et al., 1971) and 
in 1979 (Hurley et al., 1979). The model from the 1970 report is shown in Figure 
2.2. 
 
 
 
Figure 2.1: German CWP exposure-response curve (Reisner, 1973) 
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Figure 2.2: British CWP exposure-response curve (Jacobsen et al., 1970) 
 
The exposure-response model shown in Figure 2.2 is widely known as the 
Jacobsen model and was used as the basis to set the US respirable coal dust 
standards. In general, the British curve indicates slightly higher risks of CWP than 
does the German curve. Dust level of 2.0 mg/m3 appears to be the threshold for 
the development of higher than category 1, simple pneumoconiosis. The 1979 
exposure-response model is shown in Figure 2.3. No significant difference exists 
between the 1970 and 1979 models as the 1979 curve falls within 95 % 
confidence levels as shown in Figure 2.2. Moreover, it is known that the 1979 
curve has prompted a re-evaluation of the US standard (MSHA) for coal dust. 
Figure 2.3 shows the comparison of two British CWP dose-response curves. 
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Figure 2.3: Comparison of two British CWP exposure-response curves 
(Jacobsen et al., 1970; Hurley et al., 1979) 
 
From these models legislated standards in Europe and America were formulated. 
From the existing standards at the time, one notices American legislators were 
implementing the no-effect portion of the exposure-response curve, while UK and 
Germany implemented dust standards at a higher exposure level. From the plot we 
notice that over 90 % of the miners are protected by maintaining a standard of 
6.5 mg/m3. However, the American approach is expected to result in zero-simple 
CWP. 
 
Another exposure-response study by Hurley and Maclaren (1987) is shown in 
Figure 2.4. From the plot we observe, for eight of the 10 collieries, an E-R 
function similar to that of the Jacobsen model, although the two studies had 
different subjects, different data and very different designs (Hurley, Kenny and 
Miller, 2002). 
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In a recent commentary on pneumoconiosis, coal mine dust and PFR 
(Pneumoconiosis Field Research) by Attfield and Kuempel (2003), the following 
points were made on the historic exposure-response study of Jacobsen et al.:  
 
• Control of CWP lay primarily in the simple reduction of levels of respirable 
coal dust. Moreover, the various components of the dust (e.g., silica and 
carbon content) were found to be of secondary importance compared to 
respirable mixed coalmine dust.  
• The sine-squared model employed predicted a zero probability that a miner 
would develop CWP category 2 or greater after 35 years of exposure of 
2 mg/m3. A 3.4 % probability was expected at approximately 4.3 mg/m3. This 
concentration as adopted as a long-term mean value (represented by a daily 
limit of 8 mg/m3 in the return roadway) as the dust exposure limit for 
underground coal mines in the UK. Based on these data, compliance limits in 
both Britain and the US were set (e.g., the basis for the current 2 mg/m3 (MRE 
equivalent) exposure limit over each full shift in US coal mines). 
• To a large degree, these limits have succeeded in dramatically reducing the 
prevalence of CWP in both countries and elsewhere. 
 
Some of the lessons learned from the exposure-response modelling by Jacobsen et 
al., was the strong influence of the chosen mathematical model to predict the 
disease probability.  Therefore, the Jacobsen model predicted essentially zero risk 
of category 2 or greater at the 2 mg/m3 exposure limit. However, subsequent 
analyses by Hurley et al. (1982) using a logistic mathematical model, which does 
not assume a threshold; indicate higher disease probabilities at low concentration. 
This indicates the choice of model in predicting the lung diseases at the low end of 
exposure limits. This had an influence on current US dust limit as it was not as 
protective as originally desired prompting the review of the current limits (minor 
implications to British standard at 4.3 mg/m3 limit). Overall, the fundamental 
importance of reducing dust exposure to reduce disease remains valid, as do the 
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steps that were taken to implement dust control plans as a result of this research 
(Attfield and Kuempel, 2003).    
 
 
 
 
Figure 2.4: Estimates from various studies of the concentration-specific risks 
showing Category 2 or higher CWP after 35 years of work (Hurley and 
Maclaren, 1987) 
 
A recent complete inception cohort study on German miners followed up for CWP 
indicated no miner contracting a higher degree of CWP (Morfeld et al., 2002). The 
study pointed out the unexpectedly low risk estimates in comparison with the 
findings of Attfield and Morring (1992) and Attfield and Seixas (1995) in US coal 
miners. The authors attributed the discrepancies to exposure assessment procedure 
(personal sampling in the USA and stationary sampling in Germany). However, 
comparison measurements of respirable coal mine dust between personal sampling 
and stationary sampling in German coal mining revealed rather similar results 
with a mean ratio of 1.2 (Bauer et al., 1990). 
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Until now, medical research has been unable to identify in advance those people 
who are more likely than others to develop pneumoconiosis in response to 
exposure to dust (Annon, 2002). Typically pulmonary function of an individual is 
measured at the pre-employment medical examination (e.g., South Africa) and 
these tests are not predictive of future experience. 
 
With the introduction of automation and remote control, fewer people will be 
exposed to the higher dust levels due to the nature of mining operations. Although 
this may hopefully reduces the number of pneumoconiosis cases, the risk will not 
thereby be lessened for the few individuals left. Automation and remote control 
allows the operator to stand in a better location, e.g., the ultimate would be control 
from an office on surface, with zero risk. 
 
With the number of cases of pneumoconiosis showing an optimistic picture, in 
recent years, a note of caution was identified (US federal Register, 1995). Recent 
studies by British scientists and by NIOSH indicated that the risk of developing 
the most serious form of CWP at the present exposure level standard (2.0 mg/m3) 
is higher than had been previously believed. However, the Australians have 
reported that they have no evidences of CWP at levels greater than the 2.0 mg/m3 
standard. Additionally, the evidences of tampering with respirable dust samples in 
the USA, raises questions about the dust exposure levels in US coal mines 
especially those reported as being below 2.0 mg/m3 (US Federal Register, 1995, 
Weeks, 2003). 
 
Given the importance of coal mining in South Africa, there is surprisingly little 
information available on CWP. Some information relating to certification of CWP 
among coal miners is available from Medical Bureau of Occupational Diseases 
(MBOD) reports. According to the SIMRAC handbook (2001), prior to 1980, 
certifications of pneumoconiosis (when expressed as a proxy rate of living cases 
certified per 1,000 miners currently employed) tended to be higher in coal mines 
than in gold mines (approximately 6 per 1,000 in 1980 versus 2 per 1,000 in gold 
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mining). CWP certification rates declined in the years 1980 to 1989. In 1989, the 
CWP rate was over 4 per 1,000, a similar rate to the silicosis in gold mines. The 
1998/99 MBOD report suggests 0.6 % of all first degree pneumoconiosis 
certifications among miners (25 cases or 0.5 per 1,000 currently employed miners) 
were CWP among coal miners (White, N., 2001). 
 
An unpublished study (White, 2001) documented radiological abnormalities 
among Kwa Zulu-Natal anthracite miners. A total of 187 employees with more 
than five years exposure at a mine were included. 15.8 % were thought to have 
CWP ILO grade 1/0 or higher, including 7.6 % of grade 1/1 or greater and 1.1 % 
(2 cases) grade 2/1 or greater. There was a positive association between presence 
of pneumoconiosis and length of service in a relatively young workforce (mean 
age 40.3 years). 
 
A SIMRAC research study by Naidoo et al., (2002) reported low prevalence 
(1.8 % to 4.2 % depending on the chest X-ray reader) of CWP among active and 
ex-coalminers from three South African mines. The prevalence of CWP increased 
with cumulative exposure to coal dust. CWP prevalence among former miners 
who had had only coal exposure (no smoking) was 7.3 %. Also, the study reported 
an average decline in FEV1 (Forced Expiratory Volume in one second) 
attributable to coal dust exposure was 17 ml per mg/m3 per year of coal dust 
exposure among active miners. Low CWP prevalence may be speculative in the 
absence of trend data on coal dust exposures in South Africa. In recent years coal 
mining has become highly mechanized with fewer miners in the workplace but 
with the potential for high dust exposures if the dust control measures are poor. 
 
The results of Trapido (1999) show a high prevalence of pneumoconiosis in a 
random sample of ex-mineworkers in South Africa. It has also been demonstrated 
that there is a statistically significant association between total length of service 
and pneumoconiosis with a probability of developing pneumoconiosis after ten 
and twenty years of service is 30 % and 44 % respectively. An important 
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methodological issue regarding the ILO codes was also shown up by reader 
variation found in the study of Trapido (1998). The reader variation relates to the 
problems of diagnosing pneumoconiosis in the presence of tuberculosis. This 
indicates, from a perspective of medical studies, a clear problem associated with 
radiological reading in communities with high levels of chest diseases. 
 
Finally, although various dose-response curves have been developed in Germany, 
Great Britain and USA, their direct adoption to South African conditions may not 
be appropriate. Therefore, meticulous medical surveillance and collection of 
exposure data specific to South African coal mines which mine bituminous or low 
rank coal may contribute in developing South African worker exposure –response 
curves for coal dust. 
 
2.3 Major Pathogenic Characteristics of Respirable 
Dust  
 
The major factors implicated in the pathogenic characteristics of respirable dust 
(pertaining to coal dust) in this century (ECSC, 1997) are discussed below: 
 
2.3.1 Dust Type 
 
Coal is classified into rank, which is roughly associated with the relative 
geological age of the coal and the degree to which the coalification process has 
progressed (Larson, 1981; Page and Organiscak, 2001). Coal rank is defined by 
the percentage of fixed carbon (the proportion of carbon that remains when coal is 
heated and the volatile material (VM) is removed), by the percentage of volatile 
material, and by the heat content of the coal (Mutmansky, 1984). The general 
classification of coal include anthracite, semi-anthracite, bituminous, semi-
bituminous, and lignite. Anthracite, or “hard coal,” contains between 91 % and 
95 % fixed carbon; and lignite, or “brown coal,” between 65 % and 70 % fixed 
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carbon (Parkes, 1982). High rank coals are of the greatest geological age and 
consequently have a high percentage of carbon but a low proportion of volatile 
matter (VM). Conversely, low rank coals have lower carbon content but higher 
levels of volatile matter (VM). In the past few decades, several health studies have 
indicated the role the dust type (e.g., coal) plays is crucial to the miner’s health. 
High coal rank mines have been generally found to produce a coal dust with a 
lower ash, including quartz content (Casswell et al., 1971; Douglas, 1986). High 
rank coal dust is characterized by coarse dust particles enriched with high mineral 
content with an average density greater than low rank coal and explains the 
apparently greater hazard of breathing high rank coals (Lippman et al., 1973). 
 
Workers exposed to coal mine dust are at risk of developing simple Coal 
Workers’ Pneumoconiosis(CWF), Pulmonary Massive Fibrosis (PMF), silicosis, 
and chronic obstructive pulmonary disease (Parks, 1982). A British study by Hart 
and Aslett (1942) related coal rank and CWP and noted that the descending order 
of prevalence of radiological abnormalities in relation to coal rank are viz., 
anthracite coal, steam coal and bituminous coal. Hicks et al., (1961) studied 20 
collieries in Britain and concluded that the average period of work at the coal face 
required to produce a 20 % prevalence of CWP in high, medium and low rank 
coals are 8 years, 16 years and 36 years respectively. A positive association of the 
incidence of CWP with the rank of coal has been reported by Nagelschmidt 
(1965). 
 
Efforts to study the prevalence of pneumoconiosis in the United States were 
initiated in the 1960s. In 1969, the U.S. Public Health Service and the U.S. Bureau 
of Mines initiated a special study of 31 mines widely scattered throughout the 
USA. This study, referred to as the National Study of Coal Workers’ 
Pneumoconiosis (NSCWP), included medical examinations and exposure 
measurements. In 1972, Morgan et al., using data from that study, reported on the 
prevalence of CWP and PMF found in the bituminous and anthracite coal miners 
of Pennsylvania. For anthracite miners, the data showed that the prevalence was 
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60 % as a whole for pneumoconiosis and 14 % for PMF; for bituminous miners, it 
was 47 % and 2.4 %, respectively. In addition, the prevalence of bronchitis was 
found to be higher in the anthracite miners. 
 
Toxicity studies have confirmed that there are pronounced differences in specific 
risk from different fine coal dusts. Reisner's (1971) study to investigate the 
cytotoxic effect of different fine coal dusts showed increased cytotoxicity related 
to higher rank coals. Reisner (1971) and Jacobsen’s (1980) observations in coal 
miner’s data showed that very strong variations existed in the prevalence and 
progression of CWP between different regions and individual mines, despite 
similar cumulative exposures and quartz contents of the coal dusts. However, 
these studies were unable to identify specific factors causing the variation, 
suggesting that some mines produce coal dust that is more pathogenic than others. 
 
A radiographical study (Jacobsen, et al., 1980) indicated that South Wales (UK) 
mines producing high rank coals were more hazardous than others. It was found 
that in high rank coal mines, the mean exposure period for the development of 
Pulmonary Massive Fibrosis (PMF) was 34 years, while in low rank coal mines 
the mean was between 41 and 44 years (Douglas, 1986). This differential mean 
age for developing PMF indicated that high rank coals might cause more rapid and 
severe pathogenic effects for a given degree of exposure than low rank coals. 
Serological testing on a series of healthy miners and miners suffering from CWP 
revealed the possibility that certain ranks of coal produce a more inflammogenic 
dust (Lippman, et al., 1973). However, the study concluded that more research in 
the area was necessary to elucidate the results and examine other types of 
immunological activity associated with CWP. 
 
Attfield and Morring (1992) investigated the relationship between 
pneumoconiosis and respirable dust in U.S. coal miners. Their results showed that 
the exposure-response relationship was a function of coal rank and age. The 
relationship between decrease in lung function and coal type has been studied by 
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Morgan et al., (1972) and Attfield and Hodous (1992). The later study showed a 
greater decline in FEV1 (amount of air exhaled in one second) among miners 
exposed to high rank coal. The results of Attfield and Hodous study were similar 
to those found in the British Pneumoconiosis Field Research (PFR) studies 
(McLintock, 1972; Jacobsen et al., 1970; Hurley and Maclaren, 1984; Maclaren et 
al., 1989) which estimated prevalence of CWP among miners at high rank coal 
mines was approximately two times higher than miners at low rank coal mines. 
The authors (Attfield and Morring, 1992) noted that the results from the British 
research should be interpreted with caution because of the lack of knowledge of 
occupational exposures prior to 1969, the lack of being able to reliably adjust the 
data for mine-specific factors, and uncertainties associated with the model at dust 
levels below 2.0 mg/m3. Finally, epidemiological studies both in the USA and in 
Great Britain have demonstrated that the prevalence of category 1 and greater 
CWP and PMF are dependent on the rank of the coal dust to which miners are 
exposed. 
 
Prior coal mine worker health studies have shown an increased prevalence of 
CWP for higher rank coals (Attfield and Seixas, 1995; Attfield and Morring, 
1992, Hurley and Maclaren, 1987). A European study (ECSC, 1997) compared the 
pathology with the mineral content of the lungs from coal workers exposed to 
different rank coals in South Wales, UK. This study concluded that the biological 
potential of dust produced from the various ranks of coal in South Wales was 
identical. Results have shown that their inorganic mineralogical composition was 
very similar and they do not contain components, which could enhance their 
disease potential. The predominant proportion of pneumoconiosis cases occurring 
in South Wales (UK) some years ago appeared to indicate a special hazard 
attached to the dust in high rank mines as compared with that from low rank coal 
mines, but distinction was less marked. From this we can conclude that higher 
confidence and attention are required in accurate personal dust sampling and dust 
measurement strategies. 
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Experiments by Skidmore et al., (1965), using rats, to determine whether high 
rank coal dust when inhaled is retained in the lungs to a greater extent than low 
rank coal gave negative results. Therefore it can be concluded that the retention of 
dust particles in lungs of rats is independent of coal type or rank. Coarse dust is 
enriched with high mineral content and hence their mass is found to be greater 
than low rank coal. This may in part explain the apparently greater hazard of the 
high rank coals. Suggestions of introducing concentration levels for specific 
seams, known to be of a higher risk to the work force were made but this was 
found not to be practicable (Walton, 1966). Interestingly enough, pneumoconiosis 
not suspected during life was occasionally found at post-mortem. 
 
No literature relating South African mine workers with various pneumoconiosis 
levels to coal rank has been found. Several studies were carried out in the USA 
relating the dust generation potential to the coal rank and these are discussed in 
Chapter 11. No study has yet been done in South Africa, to determine the inherent 
respirable dust generation potential (IRDGP) of various coals. Thus determination 
of the propensity of various coal seams for dust generation would enable the 
understanding of the relationship between the exposure levels, dust types and the 
disease rate among South African miners. 
 
2.3.2 Particle Charges 
 
Previous research has shown that lung deposition of aerosol particles increases 
directly with the aerosol's charge properties (Melandri, et al., 1983). In the 
research study by Organiscak and Page (1998), coal rank and CWP relationship 
was reported to be in part related to the increase in dust cloud charging properties 
of higher rank bituminous coals. However, determining particle charges is a 
complex analytical procedure, and use of particle charges as a parameter was not 
included in the study. 
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2.3.3 Silica Content 
 
Silica is the common name for silicon dioxide (SiO2). In the crystalline forms of 
silica the silicon and oxygen atoms are arranged in a highly ordered lattice, which 
extends infinitely in all directions. The most common crystalline form of silica is 
quartz, which occurs as solid crystals from several centimetres in size down to 
microscopic dimensions (Ratney, 1997). Other forms of crystalline silica are 
cristobalite and tridymite. Inhaling crystalline silica dust results in silicosis. 
 
In the United States, studies by the US Public Health Service in 1913 to 1915 
found 60 % of 720 lead and zinc miners in Missouri to have silicosis. New studies 
of miner’s phthisis in 1911 in the South African gold mines found a silicosis 
incidence of 50 % in the first five years of employment, accounting for one-sixth 
of the deaths among rock drillers on the Witwatersrand (Glenn, 1998). In Western 
Australia in the early 30s, the Perth Chest Clinic in Paris reported an incidence of 
new cases of silicosis of 200 per 10,000 examinations (Glenn, 1998). 
 
Quartz was originally believed to be the primary agent in the pathogenesis of 
CWP. However, it was subsequently found that workers such as dock labourers, 
who had contact only with the pure coal product, were also susceptible to the 
disease (ECSC, 1997). On the contrary, the high rank coal mines, with the highest 
incidence rate of CWP produce airborne dust that tends to have lower quartz 
content (Casswell et al., 1971; Douglas, 1986). Experimental work (Reisner, 
1971) has shown that increased quartz content of dust leads to an enhanced 
pathological effect. 
 
A pathological study by Davis (1979) suggested that PMF in miners who 
previously worked in coal mines exploiting low rank seams may be induced 
primarily by the quartz and mineral particles in the dust. Hurley et al., (1982) 
rejected the idea that CWP in the general mine population is caused by quartz in 
coal dust. Also, a specific study on miners who showed unusual radiographic 
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changes indicated that some individuals are more at risk from quartz levels set for 
the general mining population (Hurley et al., 1982). In the UK and RSA, high rank 
coals are generally found in thinner seams and hence more of the rock surrounding 
is excavated in the mining process hence a higher silica content is present. 
 
Study on smokers and silica dust exposure indicated that the synergistic action 
both causing chronic obstructive lung disease (Hnizdo and Sluis-Cremer, 1991; 
Hnizdo, 1990 and Malmberg et al., 1993). There was also reported association of 
silica exposure with other lung diseases, such as tuberculosis (Chen et al., 1997; 
Althouse and Bang, 1995) and lung cancer (Cherry et al., 1998; Costello et al., 
1995; Koskela et al., 1994). In 1996, the International Agency for Research on 
Cancer (IARC) reviewed additional literature and studies published in the 
intervening decade and recommended that quartz and cristobalite, two polymorphs 
of crystalline silica, be listed as Group 1, carcinogenic to humans (Miles, 1999). 
The findings of this IARC report (1997) are: 
 
• There is sufficient evidence in humans for the carcinogenicity of inhaled 
crystalline silica in the forms of quartz or crystobalite from occupational 
sources 
• There is sufficient evidence in experimental animals for the 
carcinogenicity of quartz and crystobalite 
• There is limited evidence in experimental animals for the carcinogenicity 
of tridymite 
• There is inadequate evidence in humans for the carcinogenicity for 
amorphous silica  
• There is inadequate evidence in experimental animals for the 
carcinogenicity of synthetic amorphous silica. 
 
In the USA, to determine the quartz content of a dust sample, MSHA utilizes an 
infrared spectrophotometer to measure the absorbance of infrared energy by quartz 
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in a dust sample. This analysis is conducted following the destruction of the 
combined sample and filter matrix by a low temperature ashing process and 
subsequent filter redeposition of the ash containing the quartz (Parobeck, 
Ainsworth and Tomb, 1997). In South Africa, the quartz content of a coal mine 
dust sample is determined using the X-ray diffraction technique. 
 
In an Australian sampling study of various metalliferous mine sites by Bell and 
Lynch (1997) for quartz dust indicated that approximately 20 % of occupations 
surveyed failed the respirable quartz TLV of 0.2 mg/m3 while over 60 % failed 
when the level is lowered to 0.1 mg/m3. The situation with quarries and gold 
mines was generally worse with the values being 40 % to 90 % and 30 % to 50 % 
respectively. However, epidemiological evidence in the Australian context had not 
been established at the time of the study. In the UK, maximum occupational 
exposure limit for respirable crystalline silica is 0.3 mg/m3 (Biffi and Belle, 1999). 
In the UK quarrying industry, 64 % of 474 dust samples exceeded 0.1 mg/m3, with 
10 % in excess of 0.5 mg/m3 (Tickner, 1997). 
 
2.3.4 Clay Minerals 
 
Clay minerals such as phyllosilicates are present in significant quantities in some 
mine dust; individual samples have been found to contain up to 60 % illite, 
muscovite and kaolin (Sabastien, 1989). Some research has suggested that 
phyllosilicate clay minerals may be able to inhibit the toxic effects of quartz dust 
in airborne dust sampled from different mines. An inhalation study (Le Bouffant 
et al., 1977) on rats suggested the diverse range of natural phyllosilicates found in 
mixed coal dust may have some protective effect. However, to extrapolate the 
experimental results on rats to human exposure is difficult as is an understanding 
of the protective effect itself. Further, it is hard to assess the protective effect of 
clay minerals because their variability and diverse geological distribution make 
gathering accurate data a complex task even with sophisticated mineral sampling 
equipment (ECSC, 1997). 
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2.3.5 Particle Size 
 
Particle size is an important parameter for characterizing the behaviour of dust. 
One of the important measurable factors with regard to health effects on human 
beings is the particle size as many properties of dust depend on it. In most 
situations where dusts are found, there is a very wide range of particle sizes in the 
air. The "size" of particles deposited in the respiratory region of the lungs has been 
investigated by two methods: 
 
• by inhalation experiments in which the particle concentration is measured 
on entering and leaving the lungs, and 
• by examination of the dust found in lungs at post-mortem. 
 
In the mine atmosphere, where the dusts are found, there is a very wide range of 
particle sizes in the air. There have been a number of experimental studies 
comparing the lung's response to fine low toxic dusts, some of which are 
discussed by Soutar and his co-workers (Soutar, et al., 1997). All of the ultra-fine 
dusts were found to produce more damage to the lungs than the same mass of the 
identical material of fine particles around 250 nm diameter. It is important to 
consider carefully the possible effects of fine particles on health when we make 
exposure risk assessment/measurement strategy. In view of the emerging evidence 
about the importance of particle size in toxicity, it is used as one of the parameters 
in the development of DELI, i.e., exposure effect of workers to high 
concentrations of very fine particles. 
 
The MRC selection curve corresponded approximately to lung deposition 
measured by the inhalation method (Davies, 1952). Post-mortem studies 
(Cartwright, 1961, 1966; Leiteritz et al., 1966), have subsequently indicated that 
the dust found in the lungs of coal miners at death is appreciably finer than would 
be collected according to this curve, and it has thus been questioned (MRC, 1966) 
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and amended to a new international standard. Rossiter (1972) has compared the 
amounts and composition of dust found in lungs at post-mortem with the 
pneumoconiosis category. The differences among the categories were identified 
due to the composition of dust and large differences in the response of individuals. 
 
2.3.5.1 Particle Penetration and Human Respiratory System 
 
The aerodynamic behaviour of airborne particles is very important in all areas of 
measurement and control of dust exposure. Detailed information, including the 
relevant physics, can be found in the specialized aerosol science literature (Green 
and Lane, 1964; Fuchs, 1964; Hinds, 1982; Vincent, 1989 and 1995; Willeke and 
Baron, 1993). The human respiratory system is broadly classified into different 
regions, namely, nasopharyngeal (or extra thoracic region), tracheobronchial 
region and alveolar region. Particles small enough to stay airborne may be inhaled 
through the nose (nasal route) or the mouth (oral route). 
 
The probability of inhalation depends on particle aerodynamic diameter, air 
movement round the body, and breathing rate. The inhaled particles may then 
either be deposited or exhaled again, depending on a whole range of physiological 
and particle-related factors. The five deposition mechanisms are sedimentation, 
inertial impaction, diffusion, interception, and electrostatic deposition (Vincent, 
2001). Sedimentation and impaction are the most important mechanisms in 
relation to inhaled airborne dust, and these processes are governed by particle 
aerodynamic diameter. There are huge differences between individuals in the 
amount deposited in different regions of the lungs (Lippman, 1977). 
 
The largest inhaled particles, with an aerodynamic diameter greater than about 
30 m, are deposited in the airways of the head, which are the air passages 
between the point of entry at the lips or nose and the larynx. During nasal 
breathing, particles are deposited in the nose by filtration by the nasal hairs and 
impaction where the airflow changes direction. Retention after deposition is 
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helped by mucus, which lines the nose. In most cases, the nasal route is a more 
efficient particle filter than the oral, especially at low and moderate flow rates. 
Thus, people who normally breathe part or all of the time through the mouth may 
be expected to have more particles reaching the lung and depositing there than 
those who breathe entirely through the nose. During exertion, the flow resistance 
of the nasal passages causes a shift to mouth breathing in almost all people. Other 
factors influencing the deposition and retention of particles include cigarette 
smoking and lung disease (WHO, 1999). 
 
Studies were carried out on the magnitude of the difference between nasal and oral 
breathing, and the role of physical activity on the amount of dust inhaled and 
deposited in different regions of the respiratory airways (Fabriès, 1993). The 
research presented the mass of particles that would be inhaled and deposited in 
workers exposed continuously, during 8 hours, to an aerosol with a concentration 
of 1.0 mg/m3, a mass median aerodynamic diameter equal to 5.5 µm and a 
geometric standard deviation equal to 2.3. The calculations were performed using 
software developed by INRS (Fabriès, 1993), based on the model developed by a 
German team (Heyder et al., 1986; Rudolf et al., 1988). The results showed very 
clearly that oral breathing increases dust deposit in the alveolar (gas-exchange) 
region when compared to nasal breathing, indicating the protective function of the 
nasal airways. A higher physical activity such as experienced by face workers in a 
coal mine can significantly increase dust deposit in all parts of the their respiratory 
airways. 
 
Of the particles, which fail to deposit in the head, the larger ones will deposit in 
the tracheobronchial airway region and may later be eliminated by mucociliary 
clearance or if soluble may enter the body by dissolution. The smaller particles 
may penetrate to the alveolar region, the region where inhaled gases can be 
absorbed by the blood. In aerodynamic diameter terms, only about 1 % of 10 µm 
particles gets as far as the alveolar region, so 10 µm is usually considered the 
practical upper size limit for penetration to this region. Maximum deposition in 
 - 35 - 
the alveolar region occurs for particles of approximately 2.0 µm aerodynamic 
diameter. Most particles larger than this are deposited further up the lung. For 
smaller particles, most deposition mechanisms become less efficient, so 
deposition is less for particles smaller than 2 µm until it is only about 10 % to 
15 % at about 0.5 µm. Most of these particles are exhaled again without being 
deposited. For still smaller particles, diffusion becomes an effective mechanism 
and deposition probability is higher. Deposition is therefore a minimum at about 
0.5 µm (WHO, 1999). 
 
2.3.5.2 Particle Size and Health Effects 
 
Recent studies (Cherrie, 1998) show that the retention times of dust in the lungs 
play, amongst others, an important part in the pathogenic effect of the exposure. In 
both categories, the inability of the lung scavenger cells or alveolar macrophages 
to clear the dust, results in the migration of the contaminant particle from the 
lungs’ epithelium to the interstitium (the underlying cellular layer surrounding the 
blood vessels). Here the dust particle may produce inflammation that may lead to 
fibrosis and, for some dusts (silica), even cancer. 
 
The production of fibrogenic tissue resulting from the irritation of the alveolar 
tissue is a known effect which leads to the irreversible damage of the elastic lung 
tissue and reduces the oxygen absorption capacity of the lung (Seaton, 1995). In 
addition, observations have shown that the presence of irritating material in the 
interstitium may alter the blood’s ability to coagulate and lead to the triggering of 
heart failure as documented by Seaton (1995). 
 
Coal dust and silica dust are the predominant dust types historically presenting 
health effects to the worker’s in the coal and gold mining industry respectively. 
The particle size, concentration, and exposure time have been studied extensively 
throughout the world. As early as 1912 the first dust legislation for mine dusts 
were formulated when the Union of South Africa introduced laws governing 
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working conditions in gold mines. In 1950 both Europe and the United States 
proved that workers in bituminous coal mines could contract CWP. In 1959 at the 
International Pneumoconiosis Conference held in Johannesburg, South Africa, it 
was recognised that particles of equivalent diameter of less than 5 m were most 
likely to be retained in the lungs. 
 
Particle size and shape determine whether such particles will reach the lung or 
upper respiratory tract and, together with the toxicity and the period of exposure, 
will determine the effect on a worker's health (WHO, 1999). Medical researchers 
found that the mean size of dust recovered from the lungs of deceased coal miners 
is about 1 m. They concluded that it is mostly the less than 5 m fraction of the 
respirable dust that is harmful to health and in particular particles smaller than 
3 m, which tends to accumulate in the lungs. Investigations carried out by the 
Central Mining Research Station (CMRS) of India show that 75 % of dust found 
in lungs are of 1 µm size (Table 2.1). 
 
Table 2.1: Size distribution of dust collected from CWP lung of Indian coal 
miners (CMRS, 1986) 
 
Mean size, µm 
Cumulative % of 
particles 
Cumulative % of surface 
area 
0.20 48.1 - 
0.28 60.1 1.8 
0.39 65.8 - 
0.55 71.5 4.6 
1.10 85.5 - 
1.55 91.5 21.40 
2.20 97.2 - 
3.10 100* 100 
 
The dusts typically liberated in the environment during mining operations display 
a very wide range of particle sizes. There have been a number of experimental 
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studies comparing the lung's response to fine low toxic dusts (unlike coal dust), 
some of which are discussed by Soutar and others (Soutar, et al., 1997). All of the 
ultra-fine dusts (particles less than 0.2 microns) were found to produce more 
damage to the lungs than the same mass of the identical material of fine particles 
around 250 nm diameter. It is important to consider carefully the possible effects 
of fine particles on health when the exposure risk assessment or measurement 
strategies are developed. In view of the emerging evidence about the importance 
of particle size on toxicity, sampling should also focus on the exposure of workers 
to high concentrations of very fine particles. High concentrations of ultra-fine 
particles (dp = 25 to 250 nm) are characterized by relatively large surface areas 
that interfere with the dust-clearing mechanisms. Furthermore, toxic dust may 
react in a different manner.  
 
The MRC selection curve corresponded approximately to lung deposition 
measured by the inhalation method (Davies, 1952). Post-mortem studies 
(Cartwright, 1961, 1966; Leiteritz, 1966), have subsequently indicated that the 
dust found in the lungs of coal miners at death is appreciably finer than would be 
collected according to this curve. This finding has been questioned and has lead to 
the creation of an amended new international standard. Rossiter (1972) has 
compared the amounts and composition of dust found in lungs at post-mortem 
with the pneumoconiosis category. The differences among the categories were 
identified due to the composition of dust and large differences in the response of 
individuals. 
 
In the area of ambient air-pollution research, recent epidemiological studies have 
indicated that an association exists between fine particulate and acute mortality 
and morbidity at concentrations below 100 microgram/m3 (Schwartz et al., 1991; 
Schwartz and Dockery, 1992a, 1992b; Dockery et al., 1993; Pope et al., 1991). 
Measurements of ambient aerosol distributions showed a tri-modal pattern as 
pointed by Wilson et al. (1977) in their road studies. Oberdorster et al., (1995) 
have suggested that even at low mass concentrations, inhaled single ultra fine 
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particles (< 50 nm) have a high pulmonary toxicity because of the large numbers 
of particles involved. This hypothesis was based on the results with ultra fine 
fume particles and the resultant fume fever (Drinker et al., 1927; Makulova, 1965; 
Rosenstock and Cullen, 1986; Goldstein et al., 1987; Gordon et al., 1992; Blanc et 
al., 1991, 1993; Ferin et al., 1992; Oberdorster et al., 1992, 1994). 
 
For ultra fine particles, some have suggested that the total surface area of inhaled 
particles may be an appropriate measure while others consider the particle number 
more suitable. In any case it is clear that the mass concentration is not the “only” 
best way of describing the exposure to insoluble dusts over such a wide size range. 
In view of the emerging evidence about the importance of particle size in toxicity 
we must take care not to expose workers to the fine dust particles. Materials such 
as dusts of low toxicity may become more harmful when delivered to our lungs in 
the form of fumes or ultra fine dusts. In such cases it may be wise to attempt to 
control exposure to levels lower than the current gravimetric limits. 
 
2.3.6 Particle Shape 
 
Since the beginning of particle research, scientists have assumed the particle shape 
to be spherical. Shape of a particle in the majority of cases is assessed by SEM 
(Scanning Electron Microscopy), which provides two-dimensional views of the 
particle. A SEM analysis of a particle two-dimensional shape is ambiguous (i.e., 
particle looking like a sphere could in actually be a particle shaped like a disk or 
spear). Most of the recent studies have been carried out at the Particle Technology 
Laboratory in Minnesota in the USA (Marple, Rubow and Zhang, 1997). 
Breakthrough and development in accurate particle shape recognition would assist 
the mining industry in a "quantum-leap" with regard to health research if the shape 
of the particle has an effect on health. It could also be argued that the 
aerodynamics of sphere and cone type of particles could be much different in 
terms of its intensity to dust exposure and health impact. 
 
 - 39 - 
2.3.7 Individual Susceptibility 
 
Although individual susceptibility is not a pathogenic characteristic of a dust 
particle, the factor plays an important role in the disease. A study by Maclaren et 
al., (1989) indicated that there was an increased prevalence of PMF amongst men 
of aesthetic build than any other group. It was suggested that the increased rate of 
disease reflect the greater respiratory effort exerted by a tall man working in a 
restricted environment. Increased respiratory effort could lead to increased dust 
deposition in the worker's lungs. One remarkable response to coal dust pathogens 
occurred in individuals who have a distinct rheumatoid factor. Caplan's (1960) 
syndrome, a form of CWP characterized by multiple small lesions, 0.5 to 5 cm in 
diameter, usually originating in the periphery of the lung, highlighted the 
importance of immunological responses in the development of CWP. 
 
2.4 Principles Underlying Sampling Procedures for 
Routine Dust Measurement 
 
2.4.1 Dust Measurement 
 
The measurement of dust in mines worldwide is usually carried out through 
various air sampling instruments. The collected sample amount is expressed as 
mass of dust (mg) per cubic meter (m3) of air or number of particles per cubic 
meter of air (m3) and generally referred to as “dust concentration or dust count” in 
the air. The standard sampling instrument used in the 1950's for dust measurement 
was the thermal precipitator, and collected dust samples were evaluated by 
counting the particles under a microscope which was time consuming and was 
prone to errors. Roach (1958) showed that the chances of deposition of particles 
on top of one another in thermal precipitator samples can seriously reduce the 
count by up to 50 % or even more, depending on the number of particles sampled 
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and their size; thus discrediting the exposure assessment using microscope particle 
size counting. 
 
The primary purpose of dust sampling is therefore to characterize (with regard to 
mass and size) the environment of individual workers to evaluate their dust 
exposure. Other reasons include evaluating the effectiveness of engineering 
controls and changes in dust levels as a result of process changes, and as a 
measure of dose in epidemiological studies. The mass of respirable dust inhaled 
can be determined by sampling. 
 
Airborne respirable dust sampling in mines for personal monitoring is performed 
using a sampling train consisting of: 
 
• A size-selective device – A two-stage, size-selective sampler which 
separates the larger particles in the dust and allows respirable particles to 
pass through the cyclone, where they are collected on the filter to 
determine concentration levels 
• Filters and filter holders - The cyclone assembly is connected to a two-
piece 37-millimetre cassette containing a collecting medium which 
consists of a filter with a 0.5 µm pore size 
• A sampling pump - A portable battery-operated pump that will draw air at 
a specified rate (L/min) for at least eight hours is used as a vacuum source 
and equipped with flow-compensating features to automatically maintain 
the desired flow rate as dust loading on the filter increases 
• Tubing to connect the cyclone and pump. 
 
To measure the total or non-respirable dust, the above sampling train is used 
without the cyclone. 
 
Using the mass of dust collected on the filters, the sample dust concentration (SC) 
in mg/m3 is obtained as follows: 
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(T)  (Fl)
)C(CSC if
×
−
=
       (2.1) 
 
Where, 
 
Ci = corrected initial filter mass (mg) 
Cf = corrected final filter mass (mg) 
Fl = sample flow rate (m3/min) 
T = sampling time (min) 
 
The eight-hour time-weighted average (TWA) concentration of an airborne dust to 
which an individual is exposed is that average concentration of dust, which a 
worker would receive if he were exposed to this concentration for 8 h/day or 
40 h/week. Therefore, the time-weighted average dust concentration (TWA-8hr) 
in mg/m3 is obtained as follows: 
 
480
T)(SC8hTWA ×=−        (2.2) 
 
Where, 
 
 SC = sample dust concentration (mg/m3) 
 T = sampling time (min) 
 
From the dust measurements at a workplace, exposure of a miner can be 
determined. Dust exposure can be defined as "the presence of dust in the air 
within the breathing area of a worker’. It is described in terms of concentration of 
dust in mg/m3 as derived from exposure measurements and referred to the same 
reference time period as that used for the limit value." 
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Worker exposures in terms of the concentration levels of respirable dust obtained 
from personal sampling must be compared with the Threshold Limit Values 
(TLVs) to determine whether the amount of dust the worker breathes in during the 
workday exceeds the limit. This is done by using a single full-shift sample 
collected with a sampling device that operates in accordance with the NIOSH 
accuracy criteria (Busch and Taylor 1981) and the international definition of 
respirable dust (ACGIH, 1998; CEN, 1993; ISO, 1993; Soderholm, 1991a,b; 
1989). 
 
2.4.2 Dust Exposure Limits 
 
In order to reduce or completely eliminate the health effects of exposure to dust, 
several studies have been carried out in the USA, the UK and other European 
countries on dust exposure limits. These exposure limits provide the necessary 
guidance for planning, engineering monitoring and controlling the systems and 
work practices for effective dust control. There are wide variations in the dust 
exposure limits of major countries and regulatory authorities such as the OSHA, 
MSHA, NIOSH, WHO and ACGIH. The exposure limits of various countries 
cannot be compared directly because of differences in each country’s 
measurement strategies. TLVs refer to airborne concentrations of substances and 
represent conditions to which it is believed that nearly all workers may be 
repeatedly exposed day after day without adverse health effects. “TLV” is a 
copyrighted trademark of the ACGIH (American Conference of Governmental 
Industrial Hygienists) and TLVs are not mandatory Federal or State employee 
exposure standards. They are updated annually and generally reflect the most 
current professional recommendations on worker exposures to specific substances. 
Table 2.2a and 2.2b lists the exposure limits for respirable coal dust and 
crystalline silica (quartz) in various countries. 
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Table 2.2a: OELs for coal dust in various countries (Source: NIOSH, 1995) 
 
Country Recommended Value 
Australia* 3 mg/m3 
Belgium 10 mg/m3 / (% quartz + 2) 
Brazil 8 mg/m3 / (% quartz + 2) 
Finland* 2.0 mg/m3 
Germany* 4 mg/m3 
Italy** 3.33 mg/m3 
Netherlands* 2.0 mg/m3 
South Africa* 2.0 mg/m3 
UK* 3.8 mg/m3 
USA (MSHA)* 2.0 mg/m3 
USA (OSHA)* 2.4 mg/m3 
USA (NIOSH)* 1.0 mg/m3 
USA (ACGIH)* 0.9 mg/m3 (Bituminous coal dust) 
 0.4 mg/m3 (Anthracite coal dust) 
Yugoslavia*** 4.0 mg/m3 
*For coal dust < 5 % quartz; ** For coal dust < 1 % quartz; *** For < 2 % quartz 
 
Table 2.2b: OELs for Quartz dust in various countries (Source: IMA, 2003) 
 
Country Recommended Value 
Australia 0.2 mg/m3 
Austria 0.15 mg/m3 
Belgium 0.1 mg/m3 
Brazil 0.1 mg/m3  
Denmark 0.1 mg/m3 
Finland 0.2 mg/m3 
France 0.1 mg/m3 
Germany 0.15 mg/m3 
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Greece 0.1 mg/m3 
Ireland 0.05 mg/m3 
Italy 0.05 mg/m3 
Netherlands 0.075 mg/m3 
Norway 0.1 mg/m3 
Portugal 0.1 mg/m3 
South Africa 0.1 mg/m3 
Spain 0.1 mg/m3  
Sweden 0.1 mg/m3 
Switzerland 0.1 mg/m3 
UK (Maximum Exposure Limit) 0.3 mg/m3 
UK 0.1 mg/m3 
USA (MSHA) 0.1 mg/m3 
USA (OSHA) 10/ (% SiO2+2) 
USA (NIOSH) 0.05 mg/m3 
USA (ACGIH) 0.05 mg/m3 
 
 
2.4.3 Dust Concentration 
 
In 1956, the NCB (UK) adopted the convention of sampling throughout periods of 
mining activity but not when production was interrupted. In the light of the 
problems of dust counting and of measuring fluctuating concentrations, Bedford 
and Warner (1943), from whose work the 1949 limits for approved NCB 
conditions were mainly derived, considered that the hazard of exposure would be 
best represented by the mass concentration of dust particles less than 5 µm. 
Moreover, they made no reference to peaks of dust production and it appears that 
their proposals were intended to relate to the average concentration. 
 
The Dust Panel of the MRC, in 1957, expressed the view that mass might prove to 
be the best parameter for inert dusts and urged the development of suitable 
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measuring instruments; the 1959 Johannesburg Conference recommended the use 
of mass for coal and surface area for quartz. Later research indicated that mass 
may be the more appropriate measure for quartz as well (Goldstein and Webster, 
1966). 
 
The Johannesburg curve and the British Medical Research Council (BMRC) curve 
accept no particles with falling speeds greater than that of a unit density sphere 7.1 
microns in diameter, 50 % of 5 micron unit density spheres and 100 percent at 
very small sizes (Hamilton, 1966). There is no simple relationship between 
gravimetric concentrations and number counts; indeed, the results reported by 
Hamilton (1961) show variations in the mass-number index (defined as mass 
concentrations in mg/m3 per 1,000 particles (1-5 µm range)/cm3 from about 6 to 
33. The variations are reasoned to be due to the particle density, shape and state of 
aggregation of the particles as well as in their size distribution. 
 
In the UK, the MRC's Dust Panel in 1956 and the Johannesburg International 
Conference on Pneumoconiosis in 1959 put forward the view that the average 
concentration levels to which miners were exposed provide the most important 
measure of dustiness in relation to pneumoconiosis, but should be supplemented 
by a measure of variability if possible. 
 
The development of methods of measurement of airborne dust in British mines 
and the associated problems up to 1966 have been well documented by Walton 
(1966). The size selective sampling led to the introduction of a number of 
instruments. For the past twenty years, the introduction of gravimetric dust 
standards was based on what is seen as being reasonably practicable. The airborne 
dust standard was based on a standard working week of 40 hours. There is also the 
possibility of effects of increased exposure time and excessive overtime working 
as in the case of South African mines (45 hours/week) on health. European studies 
are largely based on experience in UK mines. However, the reduced dust standard 
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has undoubtedly contributed greatly to the continuing decline in prevalence of 
pneumoconiosis. 
 
The significance of peak compared with average dust exposures over longer 
periods than the shift has been examined by Reisner (1977) who showed that 
pulmonary changes over 7 to 10 years were only slightly more frequent among 
miners who had experienced high monthly peaks of dust compared with miners 
exposed to the same average levels more evenly distributed in time. It was 
concluded that the differences were too small for definite conclusions to be drawn, 
but that any peak effect could not be high. 
 
The question whether peaks of dust exposure or the average level provide the best 
measure of the hazard has been discussed by Wright (1953, 1957). He concluded 
that the "peak hypothesis" is not supported by any evidence. Walton (1966) 
concluded of Wright’s study that “…Although it could not be stated with certainty 
that the "average" hypothesis is perfectly correct, it was simple and reasonable 
and did not conflict with anything known about the mechanism of dust inhalation 
and retention..”. 
 
Later, in experimental studies using rats, one group of which was exposed to dust 
for 20 hours per day and the other to a concentration 10 times greater for only 
2 hours, Wright (1953, 1957) found little difference between the amounts of dust 
accumulated in the lungs. In fact, the amount was slightly but perhaps not 
significantly greater in the animals receiving the 20 hours exposures. Interestingly 
it could not be ascertain if exposure to high dust concentrations for more than 
2 hours will result in the similar effect. 
 
Based on the studies of Trapido (1999), it can be concluded that face workers are 
apparently showing high levels of pneumoconiosis compared to the workers with 
the supervisory roles in South African mines. The most probable explanation 
given was that the face mineworkers are intermittently exposed to very high dust 
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levels that overwhelm the lungs’ dust clearing mechanisms (Trapido et al., 1998). 
One possibility to be considered in this connection was that periods of high dust 
concentration might coincide with periods of high work rate and consequently 
with larger volumes of air breathed. It can also be reasoned that workers in a 
supervisory role are often away from the face area and obviously are not exposed 
to frequent peak dust exposure levels. This has been studied by Hadden et al., 
(1966), whose results indicate that exposures obtained by summing the products 
of concentration and respired volume for successive short periods throughout the 
shift may sometimes exceed the product of mean concentration and total respired 
volume by as much as 20 %. Hadden et al., (1966) showed that a man doing heavy 
work at the face area may breathe up to 5 times more air in a shift than a man 
doing light work at the pit bottom. The effect of these differences on the amount 
of dust retained in the lungs is not fully known; a diminution in the time of 
residence of air in the lungs may, in part, compensate for increased volume 
breathed. 
 
After the research in the 1960's, it was accepted that dangerous particles are those 
with particle sizes smaller than 5 m diameter. However, the lower limit for such 
conclusions was not defined. It can be easily hypothesized that dusts may become 
more harmful when delivered to our lungs in the form fine dusts. In such cases it 
may be prudent to attempt to measure the fine particle concentration and control 
exposure to levels lower than the current limits for size specific criteria. Some of 
the recent scientific evidence concerning the hazard from very small particles 
argues that it may not be appropriate to ignore a specific effect of these on 
worker's health. The size distribution of lung dust samples from cases originating 
from the western area of South Wales coalfield were observed to be slightly finer 
than those from the eastern South Wales coalfield area. The difference can be 
explained on the basis of the higher specific gravity of coals from the western area 
resulting in a decrease in the respirable size range of particles produced (Walton, 
1966). 
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2.4.4 Sampling (Measurement) Methods  
 
Several sampling strategies have evolved over the years and the sampling methods 
(viz., personal, occupational, area or environmental and engineering) are defined 
as follows: 
 
Personal Sample:
 A personal sample is the dust sample collected in the breathing 
zone of a worker while performing occupational duties during a work shift. In this 
sampling method, the worker wears the sampling train (cyclone, pump, tube, 
sample filter) for the entire shift. 
 
Area or Environmental Sample: An area or environmental sample is the dust 
sample taken at a fixed location at the workplace in an environment or area of 
interest. The dust sample reflects the concentration in the area of interest and does 
not necessarily reflects the exposure of any worker in that area. 
 
Occupational Sample: An occupational sample is the dust sample taken during a 
work shift on individual workers who perform duties in a designated occupation. 
This method of sampling measures the dust exposure for defined occupations as if 
one person performed the duties in that occupation for the working shift. 
 
Engineering Sample: An engineering sample is the dust sample taken at a fixed 
point in the working area. The engineering sampler is switched on at the face area 
at the beginning of the shift where the cutting machine is standing and is switched 
off before leaving the face area at the end of the shift. The engineering sample will 
determine the effectiveness of the dust control and ventilation systems in the 
section as well as the management of the overall dust control and ventilation 
systems. 
 
A study has indicated that personal sampling provides the best estimate of worker 
exposure and the temporal and spatial variability in those exposures (Vincent, 
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1994). In nearly all the studies where personal and area sampling were compared 
with clinical measures of occupation-related adverse effects, the personal exposure 
measurements provided the best correlations (Stopford et al., 1978; Linch et al., 
1970; Linch and Pfaff 1971). Also, the personal exposures are frequently higher 
than the exposures measured by area sampling (Niven et al., 1992; Cinkotai et al., 
1984; Yoshida et al., 1980; Tomb and Ondrey 1976). Spot dust measurements 
using a real-time measurement instrument are insufficient to determine whether 
the TLVs have been exceeded (Vincent, 1994). The variabilities associated with 
the dust samples collected by various methods are discussed in the next section: 
 
2.4.5 Inferences from Global Dust Measurement Variability 
Studies  
 
Extensive work has been done to identify the factors associated with the 
variability of measured dust concentrations obtained by various methods. The 
following studies reflect the extent and the possible reasons identified for the 
variability: 
 
• A Government Accounting Office (1975) report to US Congress indicated 
that under certain conditions the error associated with the respirable mine 
dust samples could be as great as 50 %. 
• US National Bureau of Standards (1975) submitted an investigation report 
to the Senate Committee on Labor and Public Welfare studying respirable 
mine dust sampling and analysis. The study focused specifically on 
gravimetric sampling and analysis and examining each step of the 
sampling process, such as dust weighing, pump flow variation and others. 
It was concluded that under tightly controlled conditions with a “well-
trained” technician, the average standard deviation associated with the 
process was ± 0.39 mg/m3, or 19 % (at 2 mg/m3 standard dust 
concentration). 
• NIOSH (1976) found that in high-risk mine sections, which failed to 
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comply with the 2.0 mg/m3 standard, the coefficient of variation in dust 
measurements was 91.6 %. 
• The National Research Council in USA (1980) concluded that 
uncertainties associated with spatial and temporal variations in dust 
estimates from machine-mounted samplers precluded this method for 
estimating personal exposures. 
• A study by Page and Jankowski (1984) comparing dust measurements of 
paired RAM-gravimetric sampler results in longwall mining operations 
expressed as dust concentration ratios of 0.41 to 1.63. The authors 
attributed this variation to differences in the aerosol cloud being sampled, 
air flow velocity at the face and cyclone orientation. 
• A comparative study of personal and fixed-point (area) samplers by 
Breslin, Page and Jankowski (1983) reported the coefficient of variation of 
measured mine dust concentrations to be typically less than 20 %. 
• In 1986, a study by Kissell, Ruggier and Jankowski reviewed several 
factors contributing to the measured dust concentration variability. They 
concluded that sampler position, geological variation in composition of 
coal (for variability in measured free silica), production factors such as 
deep or continuous cutting and failure to control known sources such as 
shuttle car loading, play an crucial role in dust concentration sample 
results. 
• Sampling and laboratory variability for respirable mine dust concentration 
measurements was studied using 23 and 20 pairs of dust samples from coal 
and non-coal mines (Hall, Corn and Zeger, 1997). In coalmines, mine dust 
concentration ratios (larger to smaller values) exceeded 1.5 in half of the 
paired samples and 2.5 in 10 % of the pairs. The variability of dust 
concentration was somewhat less in non coal mines with 50 % of the 
samples having ratios greater than 1.13. Ten percent of the samples 
demonstrated ratios of 6.19. Discussions indicated that in coalmines, 
sampler location was an important contributor to the variability. Machine 
mounted samples showed an improvement in variability for all measured 
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parameters. The improvement in variability for machine-mounted samples 
when compared with personal samples was 40%. 
• Parallel measurements taken at a cement plant with Estonian Standard 
Method (ESM) and Swedish Standard Method (SSM) indicated the 
differences between two methods. The study illustrated the importance of 
comparing and evaluating different sampling and analytical methods 
(Berg, Jaakmees and Bodin, 1999). 
 
From the above studies, it can be concluded that the method of sampling (personal 
or engineering), sampling location, dust concentration levels (low, medium or 
high), type of sample dust, can contribute to the variability in measured dust 
concentrations. This requires thorough understanding of dust sampling, analyses 
and interpretation of the dust results for exposure assessment as well as for 
exposure control and prevention purposes.     
 
2.5 Dust Sampling Protocols and Procedures in South 
Africa and Globally 
 
The instruments currently available and used in South Africa can give the details 
of respirable and total dust fractions through mass dust concentrations. However, 
the mineralogical composition, physical properties such as size and shape of 
particle could be achieved at a later stage in the laboratory. The existing sampler 
flow rate worldwide ranges from 0.4 L/min to 50 L/min. 
 
Several dust samplers have evolved through the years, viz., cyclones and 
spectrometers. In the dust spectrometers, the determination of the dust 
concentration in each fraction was carried out by first determining the particle 
aerodynamic size distribution for the sampled dust, and then numerically 
calculating the size (frequency) distribution of the fraction of interest. The area 
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under this curve gives the mass sampled in the fraction of interest, and hence its 
airborne concentration. Spectrometers need more skill on the part of the operator.  
 
The methods used for mineralogical assessment were usually carried out by 
infrared spectrophotometry and X-ray diffractometry, which necessitates a greater 
amount of dust for better assessment. The minimum amount of dust required to 
carry out a satisfactory analysis depends on the analytical instrumentation (X-Ray 
Diffraction or Infra Red based) available. For assessing quartz content, current 
rule-of-thumb, is a minimum of 0.1 mg of mixed mine dust (Vincent, 1997). 
 
The dust measurement strategies in various countries are discussed in the 
following subsections. 
 
2.5.1 Measuring Strategy in Federal Republic of Germany (FRG) 
 
Earlier information on German dust measurement can be found in an 
epidemiological study by Reisner (1971). In that study, Reisener (1971) calculated 
the dose of worker as the summation of the monthly products of average 
workplace tyndallometric fine dust concentration and number of shifts worked. 
According to the measuring strategy effective in the FRG since 1954, the 
respirable dust concentration has to be measured at the location of a working area 
at which the maximum dust concentrations is expected (Prinz, Stolz and Essen, 
1998). The sampling location was generally set up in the tailgate, 50 m from the 
longwall coal face. Measurements are taken once a month under normal operating 
conditions. 
 
The measuring strategy in the FRG is based on the following considerations 
(Prinz, Stolz and Essen, 1988):  
• For the people employed in the environment of the measuring point, the 
measuring result is sufficiently accurate. 
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• The impact of dust on people employed on the intake side upstream the 
measuring point is overrated by the “high risk method” 
• By overrating higher urgency is attributed to the measures for a prevention of 
dust impact on the employees. 
• One monthly measurement over a five year period is sufficient as the dust load 
of each miner is determined with sufficient accuracy by 60 measurements in 
five years. 
 
Control and assessment of dust concentrations by gravimetric measurements was 
introduced in Germany in 1974 (Morfeld et al., 2002). German regulations, made 
effective October 1, 1979, call for fixed-point measurements to be made at coal 
faces, intake airways, auxiliary ventilated roadways, and other places. 
Measurements were made during the presence of miners in the workplace, during 
coal mining, and in stone drivings. A measurement point is installed at the point of 
maximum dust concentration within each working area, and samples are collected 
when both geological and mining operations are normal. 
 
Samples are collected once every seven days in areas of very high concentrations, 
greater than 9.5 mg/m3, and up to every six months in areas with very low 
concentrations. The new regulations are administered by determining 
measurement and classification areas. The new regulations have established five 
dust categories and a weighing factor for each category. The coal dust and quartz 
dust provisions and weighing factors are summarised in Table 2.3. 
 
The enforced (Morfeld et al., 2002) maximum dust level using stationary sampling 
was lowered from 13 mg/m3 in 1974 to 8 mg/m3 in 1992 and the personal long-
term dust limit was lowered from 10 mg/m3 to 4 mg/m3 (assuming 220 shifts 
worked underground per year).  
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Table 2.3: Dust and quartz limits under German regulations (Source: 
Saltsman and Costantino) 
 
Quartz concentration, 
< 5 % 
Quartz concentration, 
> 5 % 
Category 
Dust limits, mg/m3 Quartz limits, mg/m3 
Factor* 
0 < 2.5 < 0.125 0.8 
1 2.5 5.0 0.125 0.25 1 
2 5.0 7.5 0.25 0.375 2 
3 7.5 9.5 0.375 0.475 4 
4 9.5 12.0 0.475 0.60 5 
Forbidden > 12.0 > 0.60 - 
* The factor is multiplied by the number of shifts for the cumulative dust index. 
 
If quartz is less than 5 %, then the dust concentration is the controlling factor of 
the category; if quartz is greater than five percent, then the quartz concentration 
defines the category. The factor obtained from the above table and the number of 
shifts is used to compute the cumulative dust exposure value. Maximum levels for 
different medical classes are shown in Table 2.4. 
 
Table 2.4: German Dust Exposure Value by Medical Class (Source: Saltsman 
and Costantino) 
 
Medical 
Class 
Description Dust exposure value for 5 years 
(Factor*shifts) 
1 No pneumoconiosis 2500 
2 
Some pulmonary 
changes 
1500 (group includes all people less than 21 
years old) 
3 
Severe pulmonary 
changes 
Forbidden underground 
4 Other health problems 2500 
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The enforced maximum face value (stationary) was lowered from 13 mg/m3 in 
1974 to 8 mg/m3 in 1992 and the personal long-term dust limit was lowered from 
10 mg/m3 to 4 mg/m3. The 1992 values are still in force (Morfeld et al., 2002). 
 
2.5.2 Measuring Strategy in Great Britain 
 
In the 1930s, the average measured dust levels in the Welsh coal mines were 
generally between 200 and 400 mg/m3 and about five percent of the measurements 
exceeded 1000 mg/m3 of air (Croner’s, 1999). The developments in coal breakage 
techniques, the principle of deep cutting, improvements in design, effective 
methods of applying water to deal with dust at source and ventilation methods 
have led to reductions in dust concentrations. In the UK by the 1960s, more than 
55,000 miners were receiving disablement benefit for their lung diseases. Since 
then there have been a steady decline in the prevalence of these diseases so that in 
1997, there were just 362 new cases of pneumoconiosis and silicosis (Dyer, 1998). 
The average concentration for all coal faces in 1970-71 was approximately 
6 mg/m3 and it has fallen over the following years to approximately 3 mg/m3 in 
1990-91. 
 
The British respirable dust regulations were revised several times in the 1970’s. In 
the late 1960’s, the National Coal Board (NCB) agreed on an 8 mg/m3 standard at 
a point in the return 70 meters from the face. This is equivalent to 4.3 mg/m3 
average on the coal face. In 1971, this standard was reviewed and continued 
without change. In 1975, mandatory standards were promulgated, with dust levels 
set at 8 mg/m3 at the longwall faces and 6 mg/m3 for headings based on measured 
dust concentrations and progression of CWSP (Jacobsen et al., 1971). 
 
In 1976, the standards were reviewed; and, on a policy basis (non-mandatory), the 
standard was lowered to 7 mg/m3 on a longwall face. In 1978, the standards were 
again reviewed, and the permissible dust levels were lowered to 7 mg/m3 at a 
point 70 meters from the face, equivalent to 3.5 mg/m3 on the longwall coal face, 
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and 5 mg/m3 for heading machines. Under current regulations, if the samples 
collected at the mine in roadways are between 3 mg/m3 and 5 mg/m3, five samples 
will be collected the following month. For longwall faces, five samples are 
required the following month if the samples are between 5 mg/m3 and 6 mg/m3. 
For any samples over 7 mg/m3, continuous sampling is required until the samples 
are below 7 mg/m3. In the 1980s, results derived from extended research 
confirmed the earlier dose-response curve with a small underestimate of risk at 
lower concentrations (Hurley et al., 1982). 
 
Most of the coal mines in UK are longwall mines. To assess the dust conditions at 
the workplaces in the face, measurements were carried out using fixed-point 
sampling located in the return airways approximately 70 m behind the face. The 
reason for selection of the location was that the results are no longer influenced by 
the coarse dust or the unequal distribution of the respirable dust in the air. 
Measurements are taken at monthly intervals for a sampling period corresponding 
to the time the miners stay at the workplace. At values less than 5 mg/m3 one 
measurement per month is sufficient. At values greater than 8 mg/m3, the average 
value has to be calculated from up to five subsequent measurements in one week. 
The partial deposition of dust between the face and the measuring point is 
considered by correction factors. Application of the same correction factors 
worldwide and in South Africa can be questionable due to operating parameters. 
The development of similar correction factors in South Africa requires different 
(e.g., multiple or single return airways, velocity etc.,) sets of factors for bord and 
pillar and longwall mines. Currently, UK dust measurement strategy is under 
review (Hurley et al., 2002). 
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2.5.3 Measuring Strategy in Canada 
 
Levels of Respirable Dust Underground: The concentration of respirable dust in 
the air shall be measured from respirable dust samples taken by a MRDE Cassella 
113A respirable dust sampling instrument or an instrument that has been 
calibrated to duplicate the results of the MRDE Cassella 113A. The concentration 
of respirable dust in the air underground shall not exceed the following levels: 
 
(a) in a longwall section: 
 
(i) 3.0 mg/m3, measured at any location 70 m from the longwall face in the intake 
airway, and 
(ii) 6.0 mg/m3, measured at any location 70 m from the longwall face in the return 
airway; and 
 
(b) in a development roadway: 
 
(i) 5.0 mg/m3, where the coal extracted is greater than 70% of the total material 
extracted, measured at any location at the face of the roadway, and 
(ii) 3.0 mg/m3, where the non-coal material extracted is greater than 30% of the 
total material extracted, measured at any location at the face of the roadway. 
 
A qualified person shall measure and record the concentration of respirable dust in 
the air at the referred locations at least once every month. The employer shall, 
once every month, send a copy of these records to a safety officer at the district 
office. 
 
2.5.4 Measuring Strategy in USSR 
 
The main point in the measuring strategy in USSR mines is the monitoring of dust 
suppression in the face. When cutting the coal with shearers, the airborne dust 
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concentrations with sizes of up to 74 µm without pre-separator is sampled directly 
behind the shearer while coal is cut. The strategy for these dust measurements has 
the main objective to improve the efficiency of dust suppression measures. The 
measuring time per measurement equals to a few minutes during the coal cutting 
process. The measurements are repeated in monthly intervals when concentration 
values are less than or equal to 10 mg/m3. At higher concentration values the 
measurement is repeated directly after improving dust suppression. 
 
2.5.5 Measuring Strategy in USA 
 
Most of the US respirable dust standard was based on the experience of British 
and German regulations. In the USA, the federally mandated respirable coal dust 
standard since 1969 have been 2.0 mg/m3 (Tomb, 1988) as measured by a sampler 
following the BMRC respirable size-selective curve. For this purpose, respirable 
dust is defined as the fraction of dust recommended by BMRC and adopted by the 
Johannesburg Pneumoconiosis conference in 1959. MSHA data shows that 
average dust levels for an 8-hr period in most mines have been reduced from 
8.0 mg/m3 (prior to 1969) to below the current standard of 2.0 mg/m3 (Black Lung 
Benefits Annual Report to Congress, 2003). 
 
In the USA, measurement of the respirable dust concentration is by means of 
“personal dust samplers,” attached to the miners. There are two types of sampling 
methods, namely personal (breathing zone) sampling and area sampling. The dust 
samples collected through these processes are called personal samples and area 
samples respectively. A personal or breathing zone sample is collected within a 
few centimetres of the worker's face for the purpose of determining the 
concentration of respirable dust in the miner’s breathing zone during the workday. 
Area sampling is conducted by placing samplers at strategic locations in the 
workplace to measure the concentrations of airborne respirable dust in the general 
work area. 
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For a better understanding of the exposure levels, the designated occupation and 
designated area are also determined (NIOSH, 1995). A designated occupation 
sample is obtained in 'the environment' of the mechanized operation that is 
exposed to the greatest concentration of respirable dust. A worker in the 
designated occupation wears a sampler, thus yielding a personal exposure sample. 
Designated area samples are required to be collected at locations appropriate to 
the dust-generating sources in the active workings. A "designated occupation 
sampling" is collected by the person wearing the sampler, whereas, "area 
sampling" is collected by the sampler positioned in a fixed position. 
 
The sampling flow rate for all the sampling devices is 2.0 L/min (± 0.1 L/min), as 
the sampling cyclone used is a Dorr-Oliver type cyclone. The sampling train is 
normally mounted on the miners (referred to as personal sampling) prior to the 
start of the shift and removed after the shift is finished, which is usually 8 hours. 
Because the 2.0 mg/m3 dust standard is based on measurement data obtained with 
an instrument that sampled with respect to the BMRC selectivity curve, respirable 
dust concentrations determined from measurement obtained with the personal coal 
mine dust sampler must be multiplied by a factor of 1.38 before the measurements 
are used for determining compliance. 
 
In the USA, there are two programs to enforce the mandatory respirable dust 
standard, a program conducted by the mine operators in accordance with 
mandatory regulatory requirements and a program conducted by the Federal 
government (Tomb, 1997). Under the "operator’s program" each operator is 
required to collect five respirable dust samples from a "designated occupation” bi-
monthly i.e., from the occupation in the cutting operation that previous sampling 
has shown to have the highest dust exposure. For each designated occupation, 
cutting on consecutive production shifts or on production shifts on consecutive 
calendar days must be carried out. The dust concentrations of the five samples 
were averaged to establish the case of compliance or non-compliance for 
regulatory requirements. 
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According to the "Federal government’s program" to enforce the legislated 
standard in a bord and pillar section or a longwall , an MSHA inspector will 
collect a personal sample on at least five miners, viz., one sample from the 
environment of the CM operator (shearer operators and jack setters for longwall 
mines), one sample from the environment of the roof bolter operator and three 
samples from other occupations working in the area such as shuttle car operator 
helpers and labourers. 
 
If the average concentration determined from the five samples is below 2.0 mg/m3 
but one of the five collected samples is greater than 2.0 mg/m3, then sampling 
continues on all five occupations on subsequent production shifts. Sampling is 
continued until the average of five samples are less than 2.0 mg/m3. No more than 
five production shifts are sampled. Typical samples selected for quartz analysis 
are the designated occupation sample, all roof bolter samples and any other 
sample that may be suspected of having a high quartz percentage. 
 
The "designated locations" are strategically selected so that the environment where 
miners normally work or travel is monitored for compliance with the respirable 
dust standard. If at any time it is determined from any of these samples that the 
respirable dust standard is exceeded, five additional samples are collected either 
on consecutive days or consecutive production shifts at the site where it was 
determined that the applicable standard may be exceeded. The dust concentrations 
determined from these samples are averaged and compliance is determined. The 
measuring time of each individual measurement corresponds to the shift length, 
i.e. working time plus travelling time (8 hrs). Currently in the USA, 
recommendations made on the sampling instrument, coal and silica dust exposure 
limits and number of samples are being reviewed.  
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2.5.6 Measuring Strategy in France 
 
According to French regulations, the level of coal dust exposure in each 
underground working must be measured by static sampling, i.e., positioning the 
samplers in the return air. The concentrations measured by CIP-10 in a national 
survey through more than 5000 measurements in 194 job categories showed a 
TWA of 0.64 mg/m3 respirable dust. Strategy for sampling is based on five 
successive days of measurements, eventually repeated following the results 
dispersion and their extreme values (Zitter, et al., 1998). 
 
For the CIP-10, selectivity matches the BMRC-definition quite well except at 
small particle sizes where the finest particles are not collected by the porous foam 
in the final collection stage of the instrument and are lost. Therefore, this 
instrument would under sample by the amount equivalent to the lost fine particles. 
In view of disproportionate influence of fine particles, this instrument may be 
seriously underestimating the true exposure (Vincent, 1997). A similar result has 
been encountered in South African mines (Unsted 1998). It may be argued that the 
samples used by Unsted for comparison may have contained ultra-fine particles 
that would have escaped the sponge-type rotating filter thus giving rise to the 
discrepancies and under-estimation of dust concentrations. Recently, the CIP-10 
dust monitor has been recommended (Kenny, 2002) by the HSE in the UK for 
“potential underground usage for personal sampling.” However, a study conducted 
by the Mine Safety and Health Administration (MSHA) in the 1980s indicated that 
sample collection by the CIP-10 was found to differ from both the ACGIH and 
BMRC respirable size-selective criteria and as much as 40 % (by weight) of 
particles smaller than 1.5 microns may pass through the instrument without being 
captured (Gero and Tomb, 1988). Further analyses of the CIP-10 data from the 
UK study indicated that it fails to meet the accuracy criteria (Belle, 2002). 
Similarly, a recent HSE study indicated that CIP-10 failed during the underground 
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trials because of the transfer of large non-respirable particles to the respirable dust 
deposit (Mark et al., 2003).  
 
An abstract of the French Regulation concerning coal dust sampling is entitled 
"Arrété du 11 Juillet 1995 autorisant l'utilisation d'appareils de prélévements de 
poussiéres" (Arrété of 11th July 1995 about the use of dust sampler). It describes 
the dust samplers, which are agreed for determination of dust content. 
 
For an individual use (which is the main requirement and the basis of the 
regulation) the dust sampler to be used is "CIP-10" developed by CERCHAR 
(cyclone type, 10 L/min, 280 g weight), which is a portable sampler. For a 
collective use, measurement is done through a "CPM 3" placed in a fixed position, 
as this apparatus is too heavy to be handled. This type of apparatus is also a 
cyclone with a flow rate of 50.0 L/min. It weights 3 kg. It was also developed by 
CERCHAR around 30 years ago and was manufactured by MSA. 
 
2.5.7 Measuring Strategy in Sweden 
 
The Swedish Standard Method (SSM), which meets criteria for the method 0500 
described in the NIOSH manual of analytical methods (NIOSH, 1993) is 
commonly used in Sweden today. With this method, air samples are collected 
during a full shift (5-8 hours) on Millipore AAWP cellulose-acetate filters with a 
pore size of 0.8 microns. The filter is mounted on open-face cassettes (SKC) with 
a diameter of 25 mm. The sampling rate is 2.0 L/min, which gives a sampling 
velocity of 0.07 m/sec for the filter. The Swedish method is designed to give one 
sample during a full shift. 
 
2.5.8 Measuring Strategy in Estonian Countries 
 
The Estonian Standard Method (ESM), a method developed in Russia, has been a 
practice in Estonia and other former East Block countries since the early 1950’s 
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(Kask and Uibo, 1963; SUSC, 1988). With this method, dust samples are taken for 
10 minutes every hour over a full shift of 8 hours. The sampling pump used, 
Migunov model 822, is a pump developed and manufactured in Russia. The 
sampling filters used are PVC-fibre filters AFA 201 in a 45 mm diameter cassette. 
The sampling flow rate is 20 L/min, which gives a sampling velocity of 
0.21 m/sec. As described, ESM requires approximately five to eight samples 
during a full shift. 
 
2.5.9 Measuring Strategy in Australia 
 
Coal mines across Australia are sampled on a regular basis for respirable dust and 
quartz by officers attached to the Coal Mines Inspectorate. However, no regular 
systematic respirable dust sampling has ever been carried out at metalliferous 
mines. The reasons identified were diversity of mining types and geographical 
separation of mine sites (Bell and Lynch, 1997). Usually collection and processing 
of the samples were taken by a five-member group. The sampling technique, 
adapted followed from the Australian Standard 2985-1987 (Workplace 
Atmospheres-method for Sampling and Gravimetric Determination of Respirable 
Dust), which itself is based on the MDHS 14 of the UK Health and Safety 
Executive. 
 
The concentrations of airborne respirable dust that persons may breathe must not 
exceed the following: (1) A concentration of coal dust of 3.0 mg/m3 of air, and 
(2) Dust containing free silica exceeding an average concentration of 0.1 mg/m3 of 
air. If the atmosphere where a person works contains respirable dust 
concentrations higher than those specified, and it is essential that work takes 
place, a person working in that place must be provided with a respiratory 
protection device. 
 
Monitoring of respirable dust concentrations: A mine must have a system to 
monitor and record the concentration of respirable dust and the concentration of 
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free silica in the atmosphere of the working environment. The records are to be 
readily available. Where shift lengths are greater than 8 hours a mine must ensure 
that the physiological effect of dust on a person is no more adverse than if an 8 
hour shift was worked. 
 
Standard operating procedure-Respirable Dust: A mine must have a standard 
operating procedure to maintain where possible the concentration of respirable 
dust in the atmosphere of the working environment to within prescribed levels. 
 
Standard operating procedure-Airborne Dust: A mine must have a standard 
operating procedure for the suppression of excessive airborne dust so that safety is 
not jeopardized because of reduced visibility or otherwise. 
 
2.5.10 Measurement in Republic of India 
 
The dust measurement strategies and methods followed in the Indian mines 
(Sharan, 2000) are as follows: 
 
• Every work place within the premises of a mine, which generates or is 
likely to generate respirable dust, needs to be sampled and the respirable 
dust concentration must be determined. 
• All respirable dust concentrations are measured by MRE Dust Sampler 
Type 113A or its approved equivalent and this is not cyclone type. The 
sampling flow rate is 2.0 L/min. 
• The frequency of sampling is guided by the Coal Mines Regulation of 
India. It is stipulated that all work places where respirable dust is generated 
will be sampled and respirable dust concentration determined every 
6 months. 
• If any measurement at any workplace shows the concentration in excess of 
50 % or 75 % of the permissible exposure limit (3 mg/m3  – 8 hr TWA –
 where the respirable silica is less than 5 %), the sampling interval shall 
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not exceed 3 months or 1 month, respectively. 
• The basic objective of sampling and determination of concentration is to 
limit the exposure of the persons to respirable dust to an extent that is not 
harmful to the health. There is a guideline also for the sampling strategy 
under the CMR which states that the sampler shall be positioned on the 
return side of the point of dust generation and within 1.0 m of the normal 
working position of, but not behind, the operator or other worker whose 
exposure is deemed to be maximum in his working group. 
• Based on the results of fixed-point sampling the representative dust 
exposure profiles for different categories of workers are estimated and as a 
measure of cross-checking the “Static monitoring” is duly supplemented 
by “portal to portal personal monitoring” of selected workers whose 
exposure is deemed to be the representative of their working groups. 
 
2.5.11 Measurement in South Africa 
 
With the worker exposure limits becoming stringent in South Africa, it is 
increasingly necessary to measure the dust concentrations precisely and accurately 
to assess the dust exposure, by using personal or engineering sampling techniques. 
Currently, South African mines are assessing worker’s dust exposure using 
various air samplers such as the Casella 10 mm cyclone, Gillian cyclones, MSA 
cyclones, and CIP-10 samplers as designed for monitoring dust and approved by 
the Department of Minerals and Energy (DME). These operate at a conventional 
flow rates of 1.9 L/min, except for the CIP-10 in which the flow rate is 10 L/min. 
The mines are also obliged to submit “engineering samples” to the DME, where 
the samples were collected at the continuous miner. Until 2002, the DME 
collected “personal sample data” from each coal mining section every six months 
for assessing personal dust exposure. It must be noted that these samples were 
collected and measured by the mines and the data was submitted to the DME. 
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In most of the South African underground mines, dust samples were required to be 
collected in accordance with the BMRC respirable convention (BMRC, 1952). 
However, according to the new ISO/CEN/ACGIH respirable dust curve with a 
50 % cut point (d50) of 4 µm (previous 5.0 µm) the recommended flow rate should 
be 2.2 L/min (Kenny, and Maynand, 1995). The new flow rate confers an 
immediate advantage in sensitivity since existing South African cyclones sample 
16 % less air per minute. At present, no change is being recommended by the 
ACGIH for measuring respirable dust using a 10-mm nylon cyclone at a flow rate 
of 1.7 L/min. As a matter of interest, measurement of the size-selection 
characteristics of the South African cyclones confirmed that they are similar to the 
Higgins-Dewell designs commonly used in the UK and Europe, and hence for 
sampling according to the new ISO/CEN/ACGIH respirable convention with a 
50 % cut-point (d50) of 4 µm). Figure 2.5 shows the different size-selective curves 
for dust sampling in mines. 
 
System of Dust Measurements 
 
According to the South African regulation 9.2(2), the employer must establish and 
maintain a system of occupational hygiene measurements, as contemplated in 
Section 12, of all working areas where respirable coal dust levels are ≥ 1/10 of the 
Occupational Exposure Limit (OEL). 
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Figure 2.5: Various size-selective curves for dust sampling 
 
Table 2.5 shows the classification band for particulates based on personal 
exposure level used for assessment. Similarly, the mandatory sampling frequency 
is dependent on the category rating as classified in Table 2.5. Table 2.6 depicts the 
relevant frequency per category classification. 
 
Table 2.5: Classification Band Table (DME Codebook, 2002) 
 
 Classification Bands 
Category Personal Exposure Level 
A Exposures ≥ the OEL or mixtures of exposures ≥ 1 
B Exposures ≥ 50 % of the OEL and < OEL or 
mixtures of exposures ≥ 0.5 and < 1 
C Exposures ≥ 10 % of the OEL and < 50 % of the 
OEL or mixtures of exposures ≥ 0.1 and < 0.5 
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Table 2.6: Frequency of monitoring (DME Codebook, 2002) 
 
Category Minimum Frequency 
A Sample 5% of employees within a Homogenous Exposure Group (HEG) on 
a 3 monthly basis with a minimum of 5 samples per HEG, whichever is the 
greater 
B Sample 5% of employees within a Homogenous Exposure Group (HEG) on 
a 6 monthly basis with a minimum of 5 samples per HEG, whichever is the 
greater 
C Sample 5% of employees within a Homogenous Exposure Group (HEG) on 
an annual basis with a minimum of 5 samples per HEG, whichever is the 
greater 
 
Air Quality Index (AQI) for a single pollutant such as coal dust is defined as the 
ratio of the average TWA concentration (mg/m3) and the threshold limit (OEL) for 
coal dust (mg/m3). In order for a specific working area to be within compliance 
the AQI should be ≤ 1. 
 
South African Mine Occupational Hygiene Programme (SAMOHP), which 
includes a system of dust measurements came into effect in the South African 
mines on September 1, 2002 (DME 16/3/2/1-A3). 
 
2.6 Health Cost 
 
Human health effect studies provide the greatest relevance when assessing effects 
of exposure to dust; yet they suffer from difficulty in eliminating the effects of 
confounding exposures (e.g., the effects of smoking and exposure to other 
environmental carcinogens). In epidemiological studies historical exposure data 
have often not been well characterized or documented for many substances. These 
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limitations result in a wide range of estimates of the effects of exposure to dust on 
the health of the exposed mine workers (Jurinski, 1997). 
 
Recent studies by British scientists and by NIOSH indicate that the risk of 
developing the most serious form of CWP in US coal mine workers at the present 
exposure level standard of 2 mg/m3 is higher than had been previously believed. 
However, the Australians have reported that they have no evidence of CWP at 
exposure levels greater than the 2.0 mg/m3 standard. While attempts to bring in 
stringent dust standards in the hope of reduced level of CWP among coal miners is 
valid, it is important to ascertain the quality of the historic ‘dose’ in the developed 
dose-response curves. For example, as noted in the US Federal Register (1995), 
evidence of tampering with respirable dust samples raises questions about dust 
exposure levels in US coal mines below 2.0 mg/m3 (Weeks, 2003). The validity of 
Weeks allegations will be self-evident only with time and with the number of 
future CWP cases. 
 
2.6.1 United Kingdom 
 
In 1974 British Coal introduced a no fault scheme for pneumoconiosis, which has 
paid out £165m up to the year 2002. The British government is currently facing an 
estimated £1bn ($16 billion Rands) bill to compensate more than 100000 former 
miners who contracted respiratory diseases (Dyer, 1998). The blame for 
respiratory illnesses was attributed to the failure by British Coal and its 
predecessor, the NCB, to control the levels of coal dust in mines. The "abundant 
evidence" showed that ‘officials’ interpreted their duties as "requiring the 
production of coal first and the taking of precautions in respect of health second." 
The court ruling said that British Coal had failed to take all reasonable steps to 
minimize the effects of dust by using known and available dust suppression 
techniques "from about 1949 to 1970 and to a lesser extent thereafter." 
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2.6.2 United States of America 
 
In the USA, since 1969, there has been a significant reduction in coal mine 
respirable dust levels. MSHA data shows that average dust levels for an 8-hr 
period in most mines have been reduced from 8.0 mg/m3 to below the current 
standard of 2.0 mg/m3. In the last 25 years since passage of legislation to 
compensate miners and their dependents for black lung, the Department of Labour 
and Health and Human Services have paid benefits totalling over $30 billion. The 
annual cost to the federal government in "Black Lung" disability benefits 
exceeded $ 1.7 billion in 1995 (US Federal Register, 1995). Figure 2.6 shows the 
CWP benefits between 1980-1999 (Black Lung Benefits Annual Report to 
Congress, 2003). 
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Figure 2.6: US Black Lung Benefits between 1980 to 1999 
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2.6.3 South Africa 
 
In South Africa, National Council for Occupational Health (NCOH) is responsible 
for the pathological analysis of a deceased miner's lungs to determine the 
possibility of the presence of an occupational related disease. The analysis was 
done at the expense of the State and in accordance with the Mine Health and 
Safety Act (1996). However, the validity of the analysis is questionable as the 
historic information relating to any previous medical examinations for 
occupational related disease and the dust exposures is incomplete. However, the 
results of the analysis by the pathologist and the information relating to the 
presence of an occupational disease and the possible grade of the disease can be 
obtained from the database. 
 
With the advent of the Mine Health and Safety Act, to determine worker exposure, 
mines are still required to continue with the gravimetric dust sampling program. 
The following tables (2.7 and 2.8) depict employee exposure levels to airborne 
particles as well as total compensation paid per mineral category for the respective 
years. 
 
Table 2.7: Over exposed persons to airborne pollutants during the years 
1998-2002 
 
 
% Persons Exposed to an AQI ≥1.0 
Mineral 
No of 
Mines 
(2002) 
Number of 
Occupational
ly exposed 
Persons 
Employed 
(2002) 
Number of 
Occupationally 
Exposed 
Persons (2002) 
Exposed to An 
AQI ≥1.0 
2002 2001 2000 1999 1998 
Gold 52 109843 5213 4.75 6.65 6.62 4.92 7.37 
Platinum 15 80221 134 0.17 0 1.03 1.09 0.80 
Coal 73 37178 7374 19.83 28.92 30.94 25.1 34.3 
Asbestos 0 No operating mines – All mines closed - 
Other 
Mines 140 18523 1196 6.46 4.40 4.23 5.65 13.9 
TOTAL 280 245765 13917 5.66 6.94 8.52 6.14 9.01 
 
 - 72 - 
 
Table 2.8: Total compensation paid for pneumoconiosis during the years 
1997-2001 
 
Mineral Year and Total Compensation Paid in Rand (in millions) 
 1997 1998 1999 2000 2001 
Gold 27.52 30.011 49.118 82.689 104.504 
Platinum 1.241 - 0.758 2.678 2.504 
Coal 1.407 - 1.563 1.933 3.291 
Asbestos 10.09 - 9.916 25.537 24.182 
Other mines 2.817 14.604 3.841 9.070 8.115 
Total 43.08 44.615 65.196 121.907 142.596 
 
 
2.7 Underground Visibility and Dust Levels 
 
With the already poor visibility conditions underground, high dust concentration 
levels at the face further adds a further risk factor. Poor visibility conditions 
further reduce machine operator’s judgment in cutting the roof bands, which may 
result in ignitions causing methane and coal dust explosions. Decreased visibility 
interferes with safe operation of the mechanical miner and is also a problem for 
operators of all mobile machines. 
 
Reduced visibility in an underground face area is one of the immediate effects of 
fine dust generation, and the scattering of light by coal dust particulate matter, 
which is responsible for that reduction. Particles in the range of visible light 
(0.38 to 0.76 microns) are the most effective in visibility reduction (Peavy, Rowe 
and Tchobanoglous, 98). 
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Assuming coal dust particles in the underground face atmosphere are of uniform 
size (which is not true) and that scattering alone accounts for light attenuation, the 
following mathematical formula was derived to relate visibility with particulate 
matter concentration (NAPCA, 1970): 
 
MK
rV
×
××
=
ρ5.2
  
        (2.3) 
Where, 
 
V = visibility in m 
ρ = density of particle, mg/m3 
r = particle radius, micrometer 
K = scattering area ratio, dimensionless (not available for coal mining 
conditions) 
M = face area dust concentration in mg/m3  
 
No information is available on the scattering ratio of fine particles for an 
underground coal mine face operation and therefore visibility as a parameter was 
not used in this study. However, the parameter can be indirectly used for effective 
inference of exposure levels based on the face area concentration levels. However, 
the use of the above equation and its application were not attempted but merely 
identified that the visibility can be used as a parameter to assess the worker 
exposure. 
 
2.8 Summary 
 
This chapter summarizes the literature on the historical background to the Coal 
Workers Pneumoconiosis (CWP), epidemiological research, major pathogenic 
characteristics of the respirable dust, principles underlying sampling procedures 
for routine dust measurement, dust sampling protocols and procedure in South 
Africa and globally, and the health cost of the CWP worldwide. This Chapter 
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attempts to give the South African coal mining community a global perspective of 
complex issues on dust sampling, exposure assessment, origin of dust standards, 
epidemiological studies and cost of CWP. In comparison with the USA, the cost 
of CWP benefits in South Africa is insignificant. Use of visibility as an indicator 
in exposure assessment is mentioned. However, this require a detailed research 
study in developing the scattering ratio of the particles. 
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Chapter 3 Research Methodology 
3.1 Introduction to Dust Exposure Level Index (DELI) 
 
Causal relationship between respiratory diseases and long-term exposure to coal 
dust particles is well established (e.g., Jacobsen, 1970). The integrated dose of 
coal dust at time t since the start of the exposure can be expressed in general form 
(Vincent et al., 1990) as: 
 
( ) ( ) ( ){ } (3.1)                                             dt tG ,tR ,tEf Dose
T
0
=  
 
Where, 
 
E (t) is the coal dust exposure history from measured dust concentration 
R (t) is a function describing the retention of inhaled coal dust particles in the lung 
tissue that is documented in lung deposition models. 
G (t) is a function describing the time-dependent potency of the coal dust particle 
to cause harm to the tissue. 
 
Most of the exposure-based epidemiological studies assume that cumulative 
exposure is a good measure. The drawback of such types of studies is that it 
requires an accurate knowledge of past exposures of individuals or populations as 
functions of time over the periods of interest. 
 
However, in the South African case, the historical data are not readily available, so 
one requires reconstruction of the exposure assessment through various 
mathematical and probabilistic reasoning. Therefore, the development of a 
systematic framework of a dust exposure level index, using the currently available 
data and the probable exposure, would be of great benefit to all the parties 
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involved. This study is based on engineering, and static dust measurement data in 
the South African mines and deduces the possible health effects on the worker. 
This is based on retention of coal dust in the lung tissue of the worker and its 
known time-dependent effect to cause harm to the tissue. 
 
Practical experiences and various historical methods highlight the convenience of 
easily interpreting the critical scientific data in a simple and understandable way. 
The introduction of such indices into the mining industry is not strange to mining 
people. However, from the pollution and exposure point of view there is no such 
tool available to-date in South Africa. 
 
In order for DELI to be meaningful to all the affected parties identified in 
Chapter 1, the following attributes of the collected dust exposure data are 
important: 
 
• Dust sampling and sampling strategy should be scientifically designed and 
consistent  
• Include the major parameters of coal dust exposure and environment 
• Allow to sample different locations for comparison of concentration levels  
• Incorporate and communicate the exposure risks 
• Represent the section or face air quality in an underground coal mine 
 
3.2 DELI Parameters 
 
Figure 3.1 outlines the parameters that are considered important for inclusion in 
the DELI. The data for developing an index (DELI) should be based on analysing 
extensive underground sampling data collected according to the new 
ACGIH/ISO/CEN size-selective respirable curve and measured in underground 
production sections. 
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Figure 3.1: Parameters of DELI 
 
Most of the parameters, which will be used in the DELI, are controllable in order 
to minimize the worker’s exposure to dust. A brief discussion of the identified 
parameters of DELI is presented below: 
 
Cutting Block (CB):
 In South Africa, coal mines follow the 12 m rule in bord and 
pillar CM production sections. Figure 3.2 shows the coal headings and splits 
divided into various 12 m cutting blocks. In an ideal situation, the CM follows the 
cutting sequence in the ascending order of cutting block numbers (designated 1 to 
14) as shown in Figure 3.2. We can observe that the total length of the split was 
21 m, while that of the heading was 30 m. For this study, data on cutting distance 
block (CB) either in the heading or the split (12 m or 24 m) was analysed for dust 
levels during coal production. 
 
Cutting Direction:
 As shown in Figure 3.2, cutting direction is defined as the 
direction in which continuous mining machine is operating in a bord and pillar 
production shift, i.e., heading [H] or split [S]. In practice, the length of heading 
[H] is longer than split [S]. For this study, dust concentration data on cutting 
direction, i.e., heading or the split was noted and analysed for dust levels during 
different cutting directions. 
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Figure 3.2: Cutting block and cutting direction in a bord and pillar section 
 
Intake Concentrations:
 The intake dust samples for this study were collected in 
the section intake roadway of coal mines during the actual production conditions. 
Figure 3.3 shows the position of dust samplers in the fresh air intake (40 m outbye 
of the face) of the section. Similarly, the intake dust level in a longwall section 
was measured upwind of the feeder breaker and samplers were placed in the fresh 
air roadway to the longwall panel. The levels of dust in the fresh air intake to the 
coal section can be classified into different levels based on the quality of the air. 
Intake dust level in a shift is a reflection of minimum exposure to dust for the coal 
workers in the section with ‘zero’ coal production. Therefore, the intake dust 
levels can be an important indicator of exposure to dust. 
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Figure 3.3: General layout of a bord and pillar coal mine 
 
Return Concentrations:
 The return dust samples for this study were collected in 
the return (main return) roadway (40 m outbye of the face) of the bord and pillar 
section of coal mines (See Figure 3.3). Similarly, the return dust level in a 
longwall section was measured at the main return of the longwall panel. The 
return dust levels will be later classified into various groups as an indication of 
efficiency of dust control systems on the machine or amount of possible section 
worker exposure to dust. 
 
Particle Size Range:
 Particle size characteristic of the respirable dust was 
analysed to describe its effect on worker health. The effect of particle size of dust 
on the human beings exposed to it can be addressed using this parameter. With the 
advances in the particle characterization technology, the use of particle size as a 
parameter in assessing the severity of the exposure is becoming a reality. 
Therefore, particle size is used as a parameter in the DELI assessment tool and is 
described Chapter 9. For this study, the respirable dust samples were collected 
from an underground CM section. The particle size analysis on the sample dust 
collected was carried out using a Fritsch Size Analyser (FSA) at the CSIR 
Miningtek laboratory. This was a laser-particle-sizer "analysette 22" for fast 
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automatic measurement of particle size distributions of solids in suspension and 
emulsions by laser light scattering with a patented convergent laser beam. The 
technology applied in the FSA laser particle sizer is based on the principle of the 
analysis of a Fraunhofer diffraction pattern with significantly improved optical 
components. Size distribution computations were done using Fraunhofer theory 
and Mie theory (Fritsch GmbH, 1994). The drawback of the existing size analyser 
is that it requires a relatively large (at least 1 mg of dust) dust sample for size 
analysis. Therefore it precluded sample concentrations below the 2.0 mg/m3 limit. 
However, only a few (four) dust samples were attempted for size analysis. The 
size analyses results were further classified into three different levels based on the 
size range and its well-documented effects on health. The dust sample size 
characteristic results are predicted to give an importance of particle size (surface 
area of particle) and their use as a parameter in DELI exposure assessment tool. 
 
Peak dust concentrations:
 Peak dust concentration for this study is defined as the 
real-time dust concentration measured at the CM operator position where the 
concentration level is a factor of the compliance limit value of 2 mg/m3. Peak dust 
concentration levels during a working shift are an aspect of environmental health 
hazard not considered in coal mines due to the limitations in real-time monitoring 
instruments until a few years ago. The valuable information and knowledge 
regarding the influence of peak dust levels and their frequency may lead to a better 
understanding of developing CWP, and its use as both an engineering and an 
administrative control method. 
 
In order to analyse the effect of peak dust levels on worker exposure in a working 
shift a real-time full-shift dust exposure survey is necessary. This could be 
obtained with real-time dust monitoring instruments such as the Hund 
tyndallometer. The best location to obtain good exposure dust data is the location 
of the highest dust concentration levels, which in fact is the continuous mining 
machine operator cabin position. Therefore real-time dust concentration data was 
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collected for analysis of peak concentrations from various underground mines for 
the production shift. 
 
In order to analyse the influence of peak dust concentration level and their 
frequency during a continuous mining operation, each underground shift 
concentration data obtained from real-time dust monitoring instruments was 
extracted to incorporate only the period when the continuous mining extraction 
unit was in operation or cutting. This was carried out using the time-study data 
collected during each of the cutting shifts. The real-time data recorded the dust 
concentration levels for every 8 seconds. Furthermore, each of the individual 
processed real-time shift concentration data was classified according to the various 
concentration levels in the bin range of 0.0 to 2.0 mg/m3, 2.0 to 5.0 mg/m3, 5.0 to 
10.0 mg/m3, 10.0 to 50.0 mg/m3, 50.0 to 100.0 mg/m3, 100.0 to 150.0 mg/m3, 
150.0 to 300.0 mg/m3, and 300.0 to 400.0 mg/m3. The frequency-dust 
concentration data was plotted for dust concentrations, which are below and above 
the DME directive of 5 mg/m3. From the combined frequency-dust level plot of 
collected data, trend of peak concentrations and its influence on shift dust 
concentrations were made. 
 
Dust Generation Rates: Coal dust is a by-product of the coal cutting operation. 
As the cutting rate increases, the fine dust produced also increases. However, the 
rate at which the fine dust produced depends on inherent coal characteristics (i.e., 
inherent dust generation potential) and the method of cutting and cutting tools 
used during the process, from hand tools to semi-mechanized coal cutting to total 
mechanization or broadly as ‘coal production.’ Therefore, mine management must 
be able to plan the dust control system and continuously maintain the dust control 
system and the operation of the auxiliary ventilation parameters. However, such 
planning is expected to cover the maximum production expected during a shift 
and taking into consideration the inherent respirable dust generation potential of 
coal. 
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Coal Production: In recent years, production of coal appears to have been the 
utmost priority due to the changing expectations of the shareholders. This 
expectation has resulted in increased production and greater demand in 
maintaining a better working environment in individual mines. Therefore, coal 
‘production’ can be used as a parameter in estimating the exposure assessment of 
coal workers to airborne dust. Therefore, production is considered as an important 
parameter in the exposure assessment of the workers in an underground coal mine. 
In order to evaluate the relationship between the dust levels and production during 
the shift, several coal sections operating with different dust control systems were 
monitored. Also, data gathered from various sections of an operating coal mine 
was analysed to determine the relationship between dust levels and coal 
production. Based on the analysis production was classified accordingly as an 
indicator of exposure level. 
 
Inherent Respirable Dust Generation Potential (IRDGP): Coals are classified 
into rank in relation to their calorific values and carbon content. High rank coals 
are of the greatest geological age and consequently have a high percentage of 
carbon but a low proportion of volatile matter (VM). Conversely, low rank coals 
have lower carbon content but higher levels of volatile matter (VM). Correlation 
between the rank of the coal seam in which miners worked and disease incidence 
and severity is acknowledged world-wide. 
 
Therefore, it is possible to use coal type as an administrative parameter for 
determining exposure in a coal mining environment by operators to effectively 
manage the exposure of workers to coal dust. Extensive work has been carried out 
in the USA by Organiscak and Page (1998) and Srikanth (1997) on the primary 
dust generation potential of various coal seams. No literature relating South 
African mine workers with various pneumoconiosis levels to coal rank has been 
found. Similarly, no study has yet been done in South Africa, to determine the 
inherent respirable dust generation potential (IRDGP) of various coal seams. 
Therefore, any correlation found by such a study could be used subsequently to 
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investigate relationships between the exposure levels and the disease (or risk) rate 
among various sectors of South African coal miners from a long-time perspective. 
 
The objective of this part of the research study is to contribute to the 
understanding of the inherent respirable dust generation potential (IRDGP) or 
dustiness of various South African coal seams operating in different geographical 
regions. Further, quantification of the amount of inherent respirable dust that 
becomes airborne, rather than the coal product size in the respirable range is the 
focus of this study. 
 
Therefore, the inherent respirable dust generation potential test facility was built at 
the Kloppersbos research facility. Coals from five classified coal seams (1,2, 4 and 
5) and region were targeted for sample collection. South African coal seams were 
numbered according to geological formation (bottom-up). The run of mine (ROM) 
samples with approximate sizes of 120 mm in thickness were collected from 
various operating coalmines producing in different provinces representing five 
different coal seams (where possible). The inherent respirable dust generation 
potential data was classified into different levels (low, medium and high) and used 
as an indicator of exposure level in DELI. The details of the test facility, test 
procedure and the results are discussed in Chapter 11. 
 
3.2.1 DELI Development Method 
 
DELI will be designed and developed as an administrative tool for dust exposure 
assessment according to a distinctive approach based on the known effects of 
health on inhalation of respirable coal dust, the dust management principles and 
latest control technology available to comply with the existing standards. 
Qualitative limits will be set based on the latest engineering control technologies 
and the perceived adequate health protection it may provide. 
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The DELI will be composed of sub-indices of the identified parameters that 
correspond to the qualitative exposure levels. Appropriate use of this tool is 
expected to result in achieving the ultimate objective of a clean and healthy 
underground mine environment for workers. The index has been designed as a 
flexible tool incorporating a number of identified parameters. However, the 
flexibility is such that additional parameter can be added in future. The DELI will 
be providing or directing for some action, based on the level of exposure for a 
particular parameter and will ultimately be a guide for a better underground 
environment for the workers. The calculation of the index is envisaged to be 
relatively simple in that a shift-dust concentration level is transformed into its 
corresponding sub-index using the DELI calculation procedure through the charts 
or the formulas using an Excel sheet. 
 
3.2.2 DELI Colour Coding 
 
Due to historic circumstances, the level of literacy standards among the South 
African mining population is very low. Furthermore, comprehension of statistics, 
level of understanding, meaning and interpretation of OELs is virtually unknown. 
Therefore, in order to enable the transfer of the knowledge and the findings from 
this study a mechanism was developed through appropriate and easily 
understandable media, i.e., colour coding. DELI colour coding designations to 
enable the uneducated workforce to understand the situation. The colour reference 
gradient for acceptable dust exposure levels is started with colour ‘Green’ and 
unacceptable dust exposure levels is ended with ‘Red.’ Obviously only ‘Green’ is 
acceptable to work underground. 
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3.3 Underground Sample Collection 
 
Sampling definitions currently used in South Africa in the field of occupational 
hygiene and mine environmental control vary widely and therefore the following 
definitions have been adopted for this study: 
 
Personal Sampling:
 A personal sample is the dust sample collected in the 
breathing zone of a worker performing occupational duties during a work shift. 
With this sampling method, the worker wears the sampling train (cyclone, pump, 
tube, and sample filter) for the entire shift (bank to bank). 
 
Area or Environmental Sampling:
 An area or environmental sample is the dust 
sample taken at a fixed location in the workplace in an environment or area of 
interest. The dust sample reflects the average concentration in an area of interest 
and does not reflect the exposure of any worker in that area. The sampling is 
usually carried out at a fixed location such as at the intake position and section 
return. 
 
Engineering Sampling:
 An engineering sample is the dust sample taken at a 
“pre-determined” CM operator’s position consistently. An engineering sample is 
the dust sample taken to determine the dust concentration near machinery, tipping 
points, air filters, etc. to characterize the emission source or suppression 
effectiveness of dust suppression or control measures. The engineering sampler is 
switched on at the face area at the beginning of the shift at its pre-determined 
position and is switched off before leaving the face area at the end of the shift. The 
engineering sample is therefore not collected for the entire 8-h period since travel 
time is excluded. 
 
The engineering sample enables determination of the effectiveness of dust control 
and ventilation systems in the section. Further, this sample is aimed at evaluating 
both the management (administrative effectiveness) of the dust control measures 
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as well as the effectiveness of the dust control system (engineering). The South 
African DME directive of 1997 requires the engineering dust concentration at the 
CM operator position to be less than 5 mg/m3. In this study, the engineering 
sample was always collected at the CM Operator's position in the cabin. 
 
3.5 Dust Sampling Instrumentation 
 
For this study, the dust measurements were carried out using gravimetric size-
selective samplers commonly known as cyclones or gravimetric samplers. The 
gravimetric samplers consist of an air pump that draws 2.2 L/min of air through a 
mini-cyclone, which separates the airborne dust and collects only the fraction of 
respirable dust (< 10 µm) on a pre-weighed filter disc. At the stipulated flow rate 
of 2.2 L/min, the instrument conforms to the new USA, UK and European 
respirable dust curve with a D50 of 4 µm. D50 is commonly used to describe the 
performance of cyclones and other particle-size selective devices. The letter ‘D’ 
describes the ‘diameter’ of the sampled particle and the subscript ‘50’ describes 
the size cut-point of dust that the device collects with 50% efficiency. Particles 
smaller than the 50% cut-point will be collected with an efficiency greater than 
50%. Particles larger than the 50% cut-point will be collected with an efficiency 
less than 50%. To reach worldwide consensus on the definition of respirable dust 
in the workplace, a compromise respirable curve between defined BMRC (D50 of 
5 microns) and ACGIH (D50 of 3.5 microns) curves was developed with a 50% 
cut-point of 4 microns. 
 
The cyclones used in the study were locally manufactured and DME approved 
(GME 008) and were of the Higgins-Dewell type commonly used in European 
mines. The samples for the study were collected at section intake (Figure 3.4), 
section return (Figure 3.5) and CM operator’s cabin position (Figure 3.6). 
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Figure 3.4: View of samplers at the section intake 
 
 
 
Figure 3.5: View of samplers at the section return 
 
For the purpose of this study, the CM operator’s cabin sampling set-up contained a 
pair of gravimetric samplers and a Hund tyndallometer. The dust sample collected 
at the continuous mining machine operator’s position is commonly termed an 
engineering sample. 
 
Gravimetric 
samplers 
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Figure 3.6: View of samplers at the continuous miner (CM) operator position 
 
The average gravimetric respirable dust concentration determined at the operator’s 
position for the sampling period was used to convert the Hund readings to mass 
concentrations (mg/m3) to obtain dust concentration peaks (time based dust 
levels). The dust samples collected underground were weighed and the procedure 
for determining the particulate mass was followed according to DME guidelines 
(1994). 
 
3.6 Sampling Procedure 
 
In order for effective underground sampling of dust levels, the following 
procedure was followed: 
 
1. Before the start of the shift, identified monitoring instruments and 
sampling pumps were calibrated. 
2. All the sampling devices were positioned in the respective areas such as 
operator cabin, face area, intake and return. 
3. Throughout the underground shift, the air pumps and the condition of the 
sampling train and the activities in the section (humidity and stone dusting, 
Hund real-
time monitor  
Gravimetric 
samplers 
 - 89 - 
sprays and mists, presence of diesel operating machinery) were monitored 
and recorded. 
4. The air velocity and the section quantity in the return were monitored. 
5. After sampling, the air pumps and real-time monitors were turned off and 
the time noted down. 
6. Finally, the gravimetric dust samples were removed from the samplers for 
gravimetric analyses. The data loggers from the real-time monitors were 
processed to download the data onto a personal computer and a software 
package was used to calculate average dust concentrations during the test 
periods. 
7. After each sampling shift, the dust monitors were cleaned thoroughly. 
 
3.6.1 Data Acquisition 
 
From each of the underground experiments, the following data were collected: 
 
(a). Air velocity in the section, section details, production rate and operator or 
personnel position. 
(b). The gravimetric dust samples at specified locations. 
(c). Instantaneous dust concentrations recorded by real-time monitors at the CM 
operator position. 
 
3.7 Data Analysis Procedure 
 
The dust concentrations presented throughout the study reflect respirable 
gravimetric dust measurements representing a full production period (from the 
beginning of the shift to the end of the shift). This production period was never 
greater than or equal to an 8-h period during any of the test shifts. Approximately 
an hour of the time was spent on travelling to and from the section to the surface. 
Real-time dust-sampling results allow the comparison of face-area dust 
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concentrations under different ventilation and mining conditions. Using the mass 
of dust collected on the filters, the sample dust concentration is obtained as 
follows: 
 
 
T  Fl
)C - (C(SC)ion ConcentratDust  Sample
s
if
×
=
    (3.2) 
 
Where, 
 
SC = sample dust concentration measured in mg/m3   
Ci = corrected initial filter mass in mg 
Cf = corrected final filter mass containing dust in mg 
Fl = sample flow rate in m3/min 
TS = sampling time in min 
 
Since the dust sampling was carried out for the entire production period of the 
shift (excluding travel time), an 8-h time-weighted average dust concentration 
(TWA-8 h) is obtained as follows: 
 
480
)T (SC8hTWA S×=−        (3.3) 
 
Where, 
 
SC = sample dust concentration measured in mg/m3  
TS = sampling time in min 
 
Environmental officers in the mines use the above equation (3.3) to determine the 
average shift dust concentration levels in South Africa. It is, however, recognised 
that if the intake air concentrations are greater than zero, the result will change. 
Since travelling time in dusty conditions is being ignored. 
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The gravimetric samples collected during various stages of the studies were 
analysed to determine the airborne dust concentration at specified locations and 
for parameter of interest. Appropriate descriptions of individual DELI parameters 
are discussed along with the data analysis of individual parameter in the respective 
chapters hereafter. 
 
3.7.1 Analysis of Dust Sampling Data 
 
Dust data with respect to the DELI parameters were used to perform an analysis of 
variance (ANOVA). The discussion of the ANOVA models and their underlying 
assumptions can be found in Scheffe (1961); Davies (1956); Miller and Freund, 
1965. The statistical package MINITAB 13.0 was used for analysis purposes. A 
full description of the test of the hypothesis method is given in respective DELI 
parameter chapters of this thesis. 
 
3.8 Summary 
 
This chapter summarizes the various parameters used in the development of Dust 
Exposure Index Level (DELI). The DELI development method, collection of dust 
samples underground, dust sampling instrumentation, sampling procedure and 
analysis of sampling data are also outlined. Details of the data analysis can be 
found in the individual chapters describing the parameters in this Thesis. 
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Chapter 4 Historic Dust Concentration Profiles 
in Underground Coal Mining 
4.1 Introduction 
 
Several studies have been carried out in the past decade with regard to total and 
respirable dust levels in mines. The subject is complex and it is extremely difficult 
to predict the respirable and total dust levels in the mines. Landman (1992) has 
reported on the total dust measurements (pot sampling method) in South African 
mines close to the face i.e., around cutting drums and within 0.2 m of the cutting 
picks. The sampling flow rate for the measurement was reported to be 5.0 L/min. 
The particle size analysis reported that particles up to 600 microns in size were 
captured. Table 4.1 summarizes the results of 14 tests carried out in five collieries 
for various sampling periods in South Africa. 
 
As a part of the present study total dust levels were measured in an underground 
CM section at a sampling flow rate of 2.2 L/min. Table 4.2 shows the total dust 
levels measured 2 m and 4 m respectively from the CM operator cabin. The CM 
operator cabin is approximately 7 m from the coal face. As we see from the Table 
4.2, there exists a steep gradient around the continuous mining machine operator 
cabin and closer to the face area. The results re-affirm the past USBM study that if 
you move closer to the dust source, the dust concentration goes way up (Kissell 
and Jankowski, 1993). 
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Table 4.1: Total dust levels measured in South African Collieries (Landman, 
1992) 
 
Mine Sampling time, min Concentration in g/m3 
Eastern Transvaal 10 64.38 
 20 124.00 
Eastern Transvaal 5 2.08 
 5 2.08 
 3 3.46 
Highveld Coalfield-CM 4 1.70 
 4 30.39 
Klipriver Coalfield-CM 4 2.17 
 32 160.00 
South Rand Coalfield-CM 5 4.26 
 5 7.68 
 5 8.98 
 5 44.22 
 3 61.53 
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Table 4.2: Total dust levels measured around the CM cutting drums 
 
Sampling Time 
2.0 m from CM cabin 
towards coal face 
Sampling Time 
4.0 m from CM cabin 
towards coal face 
Minutes mg/m3 Minutes mg/m3 
394 17.12 394 1573.07 
241 36.60 395 1929.37 
242 39.92 242 91.81 
292 10.59 243 2991.21 
292 9.37 295 40.45 
361 53.26 296 60.50 
362 36.17 362 1489.07 
424 12.52 364 1733.39 
426 11.56 426 1201.66 
426 12.22 423 2471.38 
424 11.89 422 1156.67 
 
 
In an effort to determine dust profiles for various operations underground during a 
working shift several dust measurements were carried out. This was an attempt to 
understand typical average dust levels as well as the peak dust exposures possible 
for various job categories underground. Little or no information is available in 
public on real-time dust profiles for various job categories. The measurements 
were carried out in different bord and pillar mines. The typical real-time dust 
concentration levels in an underground coal production shift for various job titles 
are shown in Figures 4.1 to 4.9 and discussed hereafter. 
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Figure 4.1: The real-time dust levels at the CM operator position 
 
Figures 4.1 to 4.3 show the real-time dust profile measured at the CM operator 
cabin, section intake and section return in a bord and pillar section in the same 
shift. The average measured dust level at the CM operator, section intake and 
section return for the shift was 9.01 mg/m3, 1.82 mg/m3 and 3.26 mg/m3 
respectively. 
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Figure 4.2: The real-time dust concentration levels at the section intake 
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Figure 4.3: The real-time dust concentration levels at the section return 
 
Figure 4.4 show the real-time dust profile measured at the feeder breaker position 
in a coal mine section for the sampling period. The average measured dust level at 
the feeder breaker for the sampling period was 5.20 mg/m3. 
 
0
10
20
30
40
50
07:
00
07:
21
07:
42
08:
04
08:
25
08:
46
09:
08
09:
29
09:
50
10:
12
10:
33
10:
54
11
:16
11
:37
11
:58
12
:20
12
:41
13:
02
13:
24
13:
45
14
:06
Time (hh:mm)
R
es
pi
ra
bl
e 
du
st
 
co
n
ce
n
tr
a
tio
n
 
(m
g/
m
3 )
 
Figure 4.4: The real-time dust-concentration levels at the feeder breaker 
 
Figures 4.5 and 4.6 show the real-time dust profile measured at the shuttle car 
operator cabin and roof bolt operator cabin position in a coal mine section for the 
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sampling period. The average measured dust level at the shuttle car operator and 
roof bolt operator for the sampling period was 0.63 mg/m3 and 1.08 mg/m3 
respectively. 
 
From the plots of real-time dust levels, we can identify high exposure areas in a 
section, major dust source identification and quantify the improvements due to 
newly implemented technologies. It is noted from the above plots that the face 
worker exposure to dust is the highest of all the occupations in a coal section. 
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Figure 4.5: The real-time dust concentration levels at the shuttle car operator 
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Figure 4.6: The real-time dust concentration levels at the roof bolt operator 
 
 
Little information is available on dust exposure levels during pillar extraction 
operations in South African coal mines. Table 4.3 summarises the personal dust 
levels measured in the pillar extraction panel using a Voest Alpine road header in 
a coal mine in Kwa Zulu-Natal (Maharaj, 1998). Figure 4.7 shows the measured 
dust levels at the positions of various occupations. From the results we notice that 
respirable dust is a serious problem during pillar extraction. The average cutting 
time for all the measured shifts was 58 minutes with a maximum and minimum 
cutting time of 135 and 23 minutes respectively. It was assumed that the measured 
dust levels were for the cutting period. From the plot we note that of all the 
workers, the Voest operator is exposed to the highest coal dust concentration. 
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Table 4.3: Measured dust levels in a pillar extraction section (Maharaj, 1998) 
 
Sampling position, mg/m3 Test 
number Voest 
operator 
Voest cabin Cable 
attendant 
Shuttle car 
driver 
Cutting 
time, 
min. 
1 32.25 30.38 9.82 1.95 112 
2 38.54 37.28 11.38 2.48 135 
3 23.86 22.19 1.78 1.06 80 
4 31.79 31.86 1.46 1.06 98 
5 11.41 11.69 12.22 4.01 49 
6 19.49 18.36 11.59 1.69 45 
7 12.32 11.85 7.65 2.10 33 
8 6.26 6.25 5.81 1.74 31 
9 11.48 11.49 6.00 2.40 45 
10 4.31 4.40 0.72 0.67 37 
11 4.20 4.22 2.03 1.34 23 
12 3.32 3.32 1.93 1.22 42 
13 5.01 4.95 1.87 0.32 40 
14 4.91 4.98 3.33 1.01 31 
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Figure 4.7: Measured dust levels in a pillar extraction section of a coal mine. 
 
4.2 Historic Dust Levels in the South African Coal 
Mines 
 
Little or no published historical information on dust levels in South African coal 
mines is available. An attempt was made to determine the dust trends in various 
types of mining operation and the trends in dust levels from various collieries 
across South Africa. The dust measurement data from various coal mining 
occupations were gathered after researching documents available from the 
Chamber of Mines (COM) of South Africa (Anon., 1990). It was assumed that the 
dust data were personal exposure values, since engineering sampling was only 
introduced in 1997. Figures 4.8 to 4.10 show the measured dust levels during 
conventional, continuous and longwall mining operations respectively, from 
various collieries across South Africa in 1990. The calculated average of the dust 
levels of all the dust samples collected during 1990 in conventional, continuous 
mining and longwall mining operations were 4.42 mg/m3, 5.92 mg/m3 and 
3.71 mg/m3, respectively. This to be expected as production per shift increase 
considerably during this changeover. From the data it is noted that the CM 
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operations made higher dust levels than the longwall operations, probably due to 
the lack of auxiliary ventilation control devices available at the time. Similarly, 
during the longwall operations, the measured dust levels were lower than the 
conventional mining. This can be attributed to effective dust control systems on 
the shearers and ease of ventilation at longwall faces. 
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Figure 4.8: Dust levels measured during conventional mining operations 
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Figure 4.9: Dust levels measured during continuous mining operations 
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Figure 4.10: Dust levels measured during longwall mining operations 
 
Historic personal exposure data could not be found in the literature and it was 
reported in 1996 that South African coal mines showed gravimetric dust readings 
far exceeding the acceptable range- often as high as 120 mg/m3 (Safety 
Management, 1996). 
 
4.2.1 Contribution of stone dust in the collected personal samples 
 
The application of stone dust was introduced in the early 1990s in order to reduce 
the coal dust explosion risks in South African coal mines. Regulations on the 
application of stone dust to freshly exposed coal face areas came into effect in 
1998. However, the implications of stone dusting in terms of personal dust 
sampling for dust exposure assessment or the effect on sampled data were not 
studied intensely as stone dust did not appear to pose any significant health 
hazard, apart from skin irritation. The adopted TWA (8-h) value for stone dust, as 
published by ACGIH (2002) is 10 mg/m3 of air provided it contains no asbestos 
and less than 1% crystalline silica. 
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As a part of this study, the influence of stone dust on the personal exposure levels 
to coal dust was determined using personal exposure data. This influence was 
determined purely on the basis of the real-time dust data and the time study in the 
section. Currently, there is no accredited procedure for quantifying the presence of 
stone dust in the personal dust samples collected in the coal mines. The real-time 
dust level plot of a shift provides markers of high exposure areas in a section, 
source identification and quantification. Similarly, it is possible from the time 
study to locate the peak dust levels created by stone dusting during a shift. In 
many instances, stone dusting is done at the beginning of the shift, thereby 
contaminating the personal and area dust samples meant for exposure assessment 
in mines. Figure 4.11 shows the real-time personal dust levels measured in the 
breathing zone of a research team who were monitoring the dust in a coal mine 
section. 
 
 
 
Figure 4.11: Influence of stone dusting on personal dust exposure samples 
 
When the research team entered the workplace (morning shift), the section was 
stone dusted and the levels were monitored in the waiting place along with those 
of the section personnel. We can clearly note that the peak stone dust levels (see 
Stone dusting 
Coal cutting 
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Figure 4.11) were close to or higher than the peak coal dust levels monitored 
during the shift over a longer duration at positions such as waiting places. 
 
The stone dust and coal dust levels derived from personal real-time dust data are 
summarised in Table 4.4. From the analysis we note that longer exposure to stone 
dust or contamination due to stone dusting can result in significantly higher non-
compliance dust samples. Further, this also may give a “false” indication of the 
efficiencies of the dust-control systems in the sections. 
 
Table 4.4: Estimated stone dust levels in the personal coal dust samples 
 
Sample type Parameter Person B Person L Person J 
Total sample (coal + stone) Sampling time, min 303 300 300 
 Dust level, mg/m3 2.05 1.48 1.57 
 Dust mass, mg 1.36 0.97 1.03 
Stone dust in the sample  Sampling time, min 9 11 12 
 Dust level, mg/m3 10.23 10.56 15.22 
 Dust mass, mg 0.20 0.25 0.40 
Coal dust in the sample Sampling time, min 294 289 287 
 Dust level, mg/m3 1.8 1.15 0.96 
 Dust mass, mg 1.16 0.73 0.606 
 
 
From the above analysis of the three personal dust samples, we notice that, on 
average, 26.43% of the dust samples were contaminated with stone dust (mass 
basis), with an average exposure level of 12 mg/m3 for a period of just 12 minutes. 
The amount of stone dust in the dust sample appears to be small, but it must be 
borne in mind that the actual exposure to stone dust at the waiting place is a 
significant underestimation of the exposure closer to the stone dust source. 
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4.3 Summary 
 
This chapter briefly summarizes the dust concentration profiles and historic 
measured gravimetric dust levels in underground coal mining sections at various 
dust sources. The intention of the dust profiles is to give an idea of peak dust 
concentration levels, their frequency of occurrence during an operating shift and 
average dust levels for the shift. 
 
It has been noted that there is little or no historic information available on 
published dust level data in South African coal mines. An attempt has been made 
to reflect the dust trends in various types of mining operations and the trends in 
dust levels from various collieries across South Africa. The data presented may 
assist in future on developing a CWP dose-response curve specifically for South 
African coal mines. This chapter summarized the influence of stone dusting in 
measured dust levels in coal mines. Further investigations are necessary to 
quantify the amount of stone dust in the personal samples obtained from the mines 
and their frequency occurrence. In the mean time, any times at which stone 
dusting is done should also be noted in the dust sample results. 
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Chapter 5 Cutting Direction and Cutting Block 
5.1 Introduction 
 
A Directive (1997) of the South African Department of Minerals and Energy 
(DME) was sent to all coalmines in South Africa instructing them to reduce the 
dust-concentration level to below 5 mg/m3 for the sampling period at the 
operator’s cab position on continuous mining machines. The rationale for 5 mg/m3 
is not established or documented in any of the DME documents. Although no 
explanations on the arbitrary choice of a 12 m rule, after discussions with industry 
personnel, it was noted that the rule would also give more safety for roof bolters. 
Furthermore, the rule was inherited with the intention of reducing personal dust 
exposures of workers. Further, the directive also specified a 12 m rule to assist 
effective dust control and minimize the dust exposure of workers. The 12 m rule 
required the following aspects to be considered (DME Directive, 1997). The 
directive stated as follows: 
 
1. “No continuous miner (CM) heading must be developed further than 12 m 
from the last row of permanent support or from the point of auxiliary 
ventilation; and  
2. Only ventilation systems that can ensure, at all times, a maximum dust 
reading of 5.0 mg/m3, measured at the drivers position on the continuous 
miner (CM), must be employed.” 
 
5.2 Background 
 
The interpretation of the DME directive of 1997 suggested that the continuous 
miner (CM) cannot advance for a distance further than 12 m before the necessary 
support is installed and the auxiliary ventilation devices such as jet fan or force 
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fan are advanced to the required distance behind the CM. Therefore, in a 
production section, if there is a lag distance between the face and the most forward 
point of auxiliary ventilation devices such as jet fan or force fan, that exceeds 
12 m, then the operation must be stopped in order to comply with the directive. In 
the event of a CM being operated by a remote control device the limit of the 
unsupported roof is then the length of the CM. From the perspective of roof 
hazard prevention, the rule is also favourable to the worker and prevents him from 
travelling under unsupported roof. 
 
The mining industry’s initial reaction was that the 12 m rule would negatively 
impact on the operation of a CM section, because the CM would be prevented 
from advancing uninterruptedly for more than 12 m in the same heading. 
However, a research study conducted by Oberholzer (1998) concluded that the 
introduction of the 12 m rule, although detrimental to production, would not have 
a significant enough effect to exclude its use based on productivity constraint 
considerations. Aspects like the perceived increase of effort to do the necessary 
support and installation of secondary ventilation are seen as being necessary and 
part of the work required for extracting coal safely. 
 
The focus of this chapter of the thesis is to carry out a detailed analysis from the 
perspective of dust control after following the 12 m rule and also to address the 
question of whether the mere restriction of not mining beyond a distance of 12 m 
will on its own solve dust problems. The 12 m rule would undoubtedly enhance 
roof support practice, but its efficacy in keeping dust levels down on its own is 
less certain. Since the introduction of the 12 m rule directive, it has drawn the 
attention of the industry's environmental officers to the problem of achieving the 
required dust concentration results. This chapter describes the measurement and 
analysis of results for the dust concentration levels in 30 m development headings 
in CM sections that comply with the 12 m cutting sequence rule and its use in 
developing the dust exposure level index. 
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5.3 Test Systems, Data Collection and Analysis 
 
For the analysis of the 12 m rule with regard to its role in reducing dust levels, 
data was gathered from two bord and pillar CM production sections. For the 
purpose of this analysis individual headings and splits were divided into various 
12 m cutting blocks as shown in Figure 5.1. The CM followed the cutting 
sequence in the ascending order of cutting block numbers (designated 1 to 14) as 
shown in Figure 5.1. We can observe that the total length of the split was 21 m, 
while the heading was 30 m. 
 
14 13 6 m
10 9 12 m
4 3 12 m
3 m 
11 7 2 6
Split 7 m
12 8 1 5
21 m
7m
Heading
 
 
Figure 5.1: 12 m cutting sequence rule in a development underground bord 
and pillar section 
 
During the underground trials four different dust control systems were evaluated 
under the 12 m cutting sequence rule. The four different dust control systems 
were:-half-curtain system, retrofitted hood system, double scrubber system and 
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integrated hood system (See Appendix-A). Hereafter these systems will be 
referred to as System 1, System 2, System 3 and System 4 respectively. The four 
different dust control systems were analysed using the results obtained from over 
60 underground sampling shifts, for which the real-time dust concentration data 
was available. 
 
5.3.1 Dust Monitoring 
 
The dust-monitoring instruments were deployed at the CM operator’s cabin 
position. The respirable dust concentration levels were determined by two 
gravimetric respirable dust samplers along with Hund tyndallometers. The 
gravimetric samplers consisted of an air pump that draws 2.2 L/min of air through 
a mini-cyclone, which separates the airborne dust and collects only the respirable 
dust (< 10 µm) fraction. In each underground shift, data on cutting block distance 
(CB) either in the heading or the split (12 m or 24 m), cutting direction (heading 
[H] or split [S]), and dust control system type were collected. 
 
5.3.2 Data Analysis 
 
The dust samples collected underground were weighed and the procedure for 
determining the particulate mass was followed according to DME guidelines 
(DME, 1995). Using the mass of dust collected on the filters, the dust 
concentration in mg/m3 was obtained at the operator’s location. It must be noted 
that these dust concentration levels are not personal exposure levels but measured 
at the CM operator’s position (cabin). In order to analyse the dust concentration 
level at the operator during each cutting block (CB) use was made of real-time 
dust concentration data. From the dust concentration data for the sampling period, 
the real-time dust concentration data was adjusted using a correction factor. Also, 
from the time-study data of individual cutting block (CB) during each shift, the 
dust concentration levels for each CB scenario were determined. The results of the 
dust concentration levels during individual cutting blocks (1 to 14) were classified 
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into cutting block (12 m and 24 m) data and cutting direction (H and S) data for 
four different dust control systems. 
 
 
5.4 Results and Discussions 
5.4.1 Sampling Results 
 
Tables 5.1 and 5.2 provide a summary of the experimental results and show the 
dust concentration levels for the four dust control systems tested underground. The 
results were tabulated according to cutting block (12 m and 24 m) and cutting 
direction (heading [H] and split [S]) respectively. The influence of the test 
parameters (cutting block and cutting direction) on the dust concentration levels at 
the operator’s position was examined by drawing scatter diagrams for the four 
different dust control systems. 
 
Figures 5.2 to 5.9 show the relationship between cutting blocks (12 m or 24 m) 
and cutting direction (H or S) on dust concentration levels for four different dust 
control systems. 
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Table 5.1: Summary statistic of cutting block (CB) dust concentration levels (both H 
and S) 
 
 Statistic
 
System 1
 
System 2
 
System 3
 
System 4
 
O verall
 
12 m
 
24 m
 
12 m
 
24 m
 
12 m
 
24 m
 
12 m
 
24 m
 
12 m
 
24 m
 
Mean
 4.199
 
6.371
 
1.022
 
1.457
 
5.464
 
7.446
 
8.560
 
12.632
 
4.970
 
6.829
 
Median
 3.420
 
4.240
 
0.820
 
1.110
 
3.210
 
6.150
 
6.320
 
11.400
 
3.380
 
4.680
 
Variance
 
7.704
 
5.566
 
0.661
 
0.548
 
24.608
 
23.068
 
50.136
 
56.299
 
27.407
 
40.333
 
Minimum
 
0.970
 
1.240
 
0.460
 
0.670
 
1.390
 
3.060
 
2.430
 
2.070
 
0.460
 
0.670
 
Maximum
 
12.230
 
23.450
 
3.760
 
3.340
 
16.510
 
20.990
 
31.440
 
24.240
 
31.440
 
24.240
 
Sample Size
 
24
 
27
 
15
 
13
 
12
 
11
 
20
 
13
 
71
 
64
 
 
 
 
 
Table 5.2: Summary statistic of cutting direction (H and S) dust concentration levels 
(both 12 m and 24 m) 
 
Statistic System 1 System 2 System 3 System 4 Overall
H S H S H S H S H S
Mean 5.869 4.849 1.400 1.072 7.204 5.685 11.065 8.587 6.807 4.822
Median 3.460 4.340 1.110 0.880 5.410 4.230 9.320 6.660 4.205 3.740
Variance 38.227 4.474 0.800 0.487 26.074 22.722 71.417 25.779 49.280 16.280
Minimum 0.970 2.520 0.460 0.460 3.060 1.390 2.070 3.890 0.460 0.460
Maximum 23.450 10.300 3.760 3.340 20.990 16.510 31.440 17.970 31.440 17.970
Sample Size 25 26 13 15 11 12 21 12 70 65
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Figure 5.2: Influence of cutting block (both H and S) on dust levels for dust 
control System 1
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Influence of cutting direction (both 12 m and 24 m) on dust levels 
for dust control System 1 
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Figure 5.4: Influence of cutting block (both H and S) on dust levels for dust 
control System 2 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Influence of cutting direction (both 12 m and 24 m) on dust levels 
for dust control System 2 
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Figure 5.6: Influence of cutting block (both H and S) on dust levels for dust 
control System 3 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: Influence of cutting direction (both 12 m and 24 m) on dust levels 
for dust control System 3 
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Figure 5.8: Influence of cutting block (both H and S) on dust levels for dust 
control System 4 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: Influence of cutting direction (both 12 m and 24 m) on dust levels 
for dust control System 4 
 
 
 
 
 
 
 
0
4
8
12
16
20
1 2 5 10 15 20 25 30 40 50
Dust concentration, mg/m3
Fr
eq
u
en
cy
12 m
0
4
8
12
16
20
1 2 5 10 15 20 25 30 40 50
Dust concentration, mg/m3
Fr
eq
u
en
cy
24 m
0
4
8
12
16
20
1 2 5 10 15 20 25 30 40 50
Dust concentration, mg/m3
Fr
eq
u
en
cy
H
0
4
8
12
16
20
1 2 5 10 15 20 25 30 40 50
Dust concentration, mg/m3
Fr
eq
u
en
cy
S
 - 116 - 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: Combined plot of the influence of cutting block (both H and S) 
on dust levels 
 
 
 
 
 
 
 
 
 
Figure 5.11: Combined plot of the influence of cutting direction (both 12 m 
and 24 m) on dust levels 
 
 
The combined plot of the influence of cutting block and cutting direction on dust 
concentration levels from four different dust control systems is shown in Figures 
5.10 and 5.11 above. From the plots the following conclusions may be deduced: 
 
• For each of the dust control system types, the mean dust concentration 
levels in the 24 m cutting blocks was higher than the 12 m cutting block 
• Similarly, for the various dust control system types, the mean dust 
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concentration levels in the headings were greater than the split 
• However, for dust control System 2, the scatter was narrow and the mean 
dust concentration levels were comparatively lower than the other system 
types. 
• As can be expected (See above statements) the overall plots show that 
there is a difference between the mean dust concentration levels when the 
CM was cutting either headings or splits and 12 m or 24 m cutting blocks. 
 
In order to come to a conclusive relationship and rank the significant factors that 
reduce the dust levels in an underground section, statistical analysis (two-sample t-
test and ANOVA) was subsequently carried out 
 
5.4.2 Statistical Analyses 
 
An analysis of frequency distribution of the dust concentration values for the four 
different dust control systems resulted in a set of histograms. The sample 
distributions of the histograms were not normally distributed. The histogram plots 
of the loge-transform of the dust concentration data lead to the conclusion that the 
dust levels were loge-normally distributed. 
 
Since there was an uneven number of concentration values for pair-wise statistical 
comparison, a two-sample t-test was performed on the set of all the sample data 
combinations to determine if there was a statistical difference in the loge-
transformed (normally distributed) concentration levels. A two-sample t-test of 
hypotheses was developed to compare the mean concentration level measured 
between the test parameters (µA and µB). The null and alternative hypothesis for 
the tested sample pairs were: 
 
H0: µA  = µB 
H1: µA≠ µB 
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In the two-sample t-test, hypothesis H0 states that the mean dust concentration 
levels between test parameters (µA and µB) are equal. On the other hand, the 
alternative hypothesis states that the test parameters in fact have different mean 
concentration levels. It is therefore necessary to use hypothesis testing to accept or 
reject H0. For the analysis, a standard 95% confidence level was chosen. As the 
hypothesis stated were µA = µB and µA ≠ µB, all analyses were two tailed to account 
for both conditions µA < µB and µA > µB. Hypothesis tests were carried out on each 
of the test parameters in terms of cutting block (12 m and 24 m) and cutting 
direction (heading and split) for individual dust control systems as well as the 
overall system (average of Systems 1, 2 3 and 4). 
 
Results of the two-sample t-test statistical analyses are given in Tables 5.3 and 
5.4. The p -value represents the probability of making a Type 1 error, which is 
rejecting the null hypothesis when it is true. In this study a cut-off p-value of 0.05 
was used (95% confidence level). 
 
From the analysis table, we observe that with various degrees of freedom, the 
large p-value (> 0.05) suggesting that the measured mean concentration levels are 
consistent with the null hypothesis, H0: µA = µB, that is, the dust concentration 
levels between the test parameters are not affected at 95% level of confidence. 
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Table 5.3: Results of two-sample t-test hypothesis (on transformed values) 
 
 
 System 1 System 2 System 3 System 4 Overall
12 m 24 m 12 m 24 m 12 m 24 m 12 m 24 m 12 m 24 m
Mean 1.241 1.570 -0.149 0.275 1.364 1.882 1.916 2.313 1.158 1.512
Standard Deviation 0.646 0.743 0.546 0.455 0.830 0.484 0.657 0.766 0.981 0.943
Sample Size 24 27 15 13 12 11 20 13 71 64
P - Value 0.100 0.036 0.085 0.120 0.035
t
 - statistic
-1.680 -2.220 -1.810 -1.590 -2.130
Hypothesis Accept H0 Reject H0 Accept H0 Accept H0 Reject H0
 
 
 
 
 
Table 5.4: Results of two-sample t-test hypothesis (on transformed values) 
 
 
 System 1 System 2 System 3 System 4 Overall
H S H S H S H S H S
Mean 1.325 1.501 0.173 -0.061 1.816 1.425 2.112 2.003 1.420 1.219
Standard Deviation 0.939 0.390 0.588 0.491 0.549 0.830 0.806 0.556 1.030 0.907
Sample Size 25 26 13 15 11 12 21 12 70 65
P - Value 0.380 0.260 0.200 0.680 0.220
t
 - statistic
-0.880 1.150 1.320 0.420 1.220
Hypothesis Accept H0 Accept H0 Accept H0 Accept H0 Accept Ho
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From Table 5.3, it can be observed that, for individual dust control systems as well 
as for the overall dust control system, the t-statistic C12-C24 (concentration C at 
12 m – concentration C at 24 m) was negative confirming that the mean dust 
concentration levels during 24 m cutting block were generally greater than the 
mean dust concentration level from the 12 m cutting block. However, the null 
hypothesis was rejected (small p- value, < 0.05) for system 2, where there was 
significant difference between the concentration values obtained for the 12 m and 
24 m cutting blocks at the 95% confidence level. However, at the 85 % confidence 
level, there was significant difference between the concentration values obtained 
for the 12 m and 24 m cutting blocks. 
 
A two-sample t-test was performed on all the data to determine if there was a 
statistical difference in the concentration levels between two parameters (cutting 
direction and cutting blocks) for the overall dust control system. The result of the 
two-sample t-test was a test statistic with 133 degrees of freedom, and p = 0.035 
confirming that there is a significant difference between measured dust 
concentration levels when the CM was cutting the 12 m and 24 m cutting blocks. 
 
From Table 5.4, it can be observed that except for System 1 (half-curtain system), 
the t-statistic CH-CS (concentration C in heading [H] – concentration C in split 
[S]) was positive indicating that the mean dust concentration levels in the heading 
(H) were generally greater than the mean dust concentration levels in a split (S). 
Further, the null hypothesis was accepted (large p-value, > 0.05) for the individual 
dust control systems as well as for the overall system confirming that there was no 
significant difference between the mean concentration levels in a heading (H) or a 
split (S) at 95% confidence level. This could be attributed to the distance cut in the 
direction of a heading was always greater than the split direction which is 
dependent on the mine planning. Furthermore, cutting in the direction was half-
the-time in the direction of fresh air and half-the-time against the fresh air 
direction. 
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5.4.3 Analysis Of Variance (ANOVA) 
 
The dust concentration data were also used to perform an analysis of variance 
(ANOVA). The discussion of the ANOVA models and their underlying 
assumptions can be found in any of the standard statistics books (e.g., Scheffe 
(1961); Davies (1956); Miller, 1965). In order to statistically quantify the 
influence of cutting blocks (CB), cutting direction and type of dust control systems 
on the dust concentration levels in the section, a factorial analysis was carried out. 
Essentially the airborne dust concentration at the operator’s data that was used was 
in the form of Cijk (mg/m3). The subscripts have the following definitions: 
 
 i = cutting block (CB), i = 1 is a 12 m cutting block, i = 2 is a 24 m cutting 
block 
 j = cutting direction, j = 1 is a heading (H), j = 2 is a split (S) 
k = dust control system, k = 1, 2, 3, and 4 respectively indicate the half-
curtain dust control system, retrofitted hood system, double scrubber and 
integrated hood system respectively. 
 
The results of analyses of variance (ANOVA) on the data are summarized in 
Table 5.5. The main factors of the statistical analysis were: dust control system 
type; cutting direction; and cutting block (CB). The ANOVA table gives, for each 
term in the model, the degrees of freedom (Df), the sums of squares (SS), the 
adjusted means squares (MS), the F-statistic from the adjusted means squares, and 
its p-value. In the ANOVA table, p-values for two factors (cutting distance and 
dust control system type) was less than 0.05, indicating that these factors are 
significant and important. 
 
 
 
 
 
 - 122 - 
Table 5.5: Results of Analysis of Variance (ANOVA) 
 
Sources of Variation Df SS MS F value Pr > F
A (Cutting Distance: 12 m or 24 m) 1 147.78 147.78 5.82 0.017
B (Cutting Direction: Heading or Split) 1 35.97 35.97 1.42 0.236
C (Dust Control System Type) 3 407.43 407.43 16.04 0.000
A*B 1 15.78 15.78 0.62 0.432
A*C 3 63.53 21.18 0.83 0.478
B*C 3 23.83 7.94 0.31 0.816
A*B*C 3 15.50 5.17 0.20 0.894
Error 119 3022.67 25.40
Total 134
 
 
From the results of ANOVA, the following conclusions can be deduced: 
 
• Effect of dust control system type on the dust concentration levels is highly 
significant with a mean square (MS) value of 407.43. 
• There is a significant evidence (p – value of 0.017) of the effect of cutting 
block (12 m and 24 m) on dust levels recorded at the operator’s position 
during the coal cutting operation for various dust control systems (the MS 
value for the cutting distance is 147.78). 
• The effect of cutting direction (heading or split) on the results of dust 
concentration levels at the operator’s position is insignificant with a p -
 value of 0.236. 
• From the magnitude of each test parameter the dust control system and 
cutting distance can be placed in a descending order of importance. As we 
note from the table, the dust control system has a pronounced effect on the 
dust concentration levels (p-value of 0.000 and highest MS value of 
407.13) followed by cutting distance with a p-value of less than 0.05. 
 
The following two-factor interactions viz., cutting distance × cutting direction, 
cutting distance × dust control system type, cutting direction × dust control system 
type in the analysis are statistically insignificant. Also, three-factor interaction 
effect, dust control system type × cutting direction × cutting distance do not have a 
significant effect on concentration levels at the operator’s position. Finally, the 
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main factors, such as dust control system type and cutting distance influencing the 
dust concentration levels at the operator’s position are well demonstrated. 
 
5.5 Conclusions 
 
Although recent international analyses of the incidence of pneumoconiosis show 
favourable trends, the latest studies by British scientists and by NIOSH indicate 
that the risk of developing the most serious form of CWP at the current exposure 
level standard (2.0 mg/m3) is higher than had been previously believed. However, 
Australian researchers have reported that they have no evidence of CWP at levels 
greater than the 2.0 mg/m3 standard (US Federal Register, 1995). 
 
Previous studies have shown that the risk of progression to a higher category of 
pneumoconiosis due to coal dust exposure increases with increasing intensity of 
the exposure, represented by the mean dust concentration (Jacobsen et al., 1970, 
1971), and with increasing cumulative exposure, represented by the product of 
intensity and duration (Jacobsen, 1973, 1979). Therefore, from this study we can 
deduce that a worker positioned inside the cabin of a CM during the cutting of a 
24 m block is usually at higher exposure risk than the worker when cutting a 12 m 
block. Based on the mean dust concentration results and statistical analyses, the 
miner who is operating in a heading is exposed to more dust than when operating 
in a split position. 
 
Finally, from the analysis of the dust concentration results at the operator’s 
position, it can be inferred that the mere application of the 12 m rule on its own 
does not solve the dust problems, but that meticulous and regular maintenance, 
together with the application of best available dust control technologies, effective 
dust control strategies and best practices, ensures reduced worker exposure. The 
introduction of remotely controlled cutting operations in the section may 
effectively lower the duration, severity and intensity of workers’ exposure to coal 
dust. It is strongly believed that the use of the cutting block (CB) distance is one 
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of the most important and easily controlled parameters in assessing the worker 
exposure to coal dust. As an administrative control measure for effective dust 
exposure control, mine environment officers, occupational hygienists and mine 
management can effectively use this information by rotating the CM operators 
during the working shift so that a particular CM operator is not constantly exposed 
to the higher levels of coal dust. 
 
From this study, a Dust Exposure Level Index (DELI) based on dust levels during 
coal cutting operations in a section can be shown pictorially (Figure 5.12) and an 
index of approximate exposure of workers present in the working face is 
summarized in Table 5.6.  
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Figure 5.12: Dust exposure level index chart based on cutting direction and 
cutting distance 
 
The plot shows in the x-axis cutting distance for a length up to 24 m and y-axis 
representing cutting direction (split or heading). The cutting distance was limited 
to 24 m as face ventilation becomes totally ineffective beyond 24 m hence dust 
level will be very high. 
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The intention of colour coding is two fold. viz., literacy standards in the South 
African mining population is very low and comprehension of statistics, OELs and 
their meaning is virtually unknown. DELI colour coding designations enables the 
uneducated workforce who can understand the meaning of different colours to 
visualise the severity of dust problems under different conditions. Obviously only 
‘Green’ is acceptable for work underground and ‘Red’ is unacceptable. 
 
Table 5.6: Dust exposure level index (DELI) based on cutting distance and 
cutting direction 
 
DELI 
Parameter 
Code Colour Descriptor 
Split-12 m A Green Good 
Split –24 m B Red Unhealthy to Hazardous 
Heading –12 m C Green Good 
Heading –24 m D Red Unhealthy to Hazardous 
 
5.6 Summary 
 
The focus of this chapter was to understand exposure in the various working areas 
during coal cutting in a bord and pillar coal mine. The task was carried out 
indirectly through a detailed analysis of the efficacy of the 12 m rule from the 
perspective of dust control and also to address the question of whether the mere 
restriction of not mining beyond a distance of 12 m will on its own solve dust 
problems. 
 
Analysis of the data indicated that the application of a 12 m rule on its own does 
not solve the dust problems, but that meticulous application of available state-of-
the-art dust control technologies, best work practices, and the regular maintenance 
of the installed system can have a significant effect. It is strongly believed that the 
use of a cutting block (CB) distance is one of the most important parameter 
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affecting worker exposure to coal dust. As an administrative control measure for 
effective dust exposure control, the mine environment officers, occupational 
hygienists and mine management can effectively use this information in order to 
rotate CM operators during the working shift to ensure that a particular CM 
operator is not exposed continuously to high levels of coal dust. Finally, an 
approximate exposure chart and index has been developed that could assist all the 
interested parties to understand the dust exposure level when an individual is 
present during the identified scenarios in a coal mine section. 
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Chapter 6 Peak Dust Concentration and 
Exposure 
6.1 Introduction 
 
In order to reduce or eliminate the health risk of exposure to dust, several studies 
have been carried out in the USA, the UK and other European countries on coal 
dust exposure limits. These exposure limits provide the necessary guidance for 
planning, engineering, monitoring and controlling the coal extraction systems and 
work practices for effective control of dust. There are wide variations in the dust 
exposure limits as defined by regulatory and research authorities such as the 
Occupational Safety and Health Administration (OSHA), Mine Safety and Health 
Administration (MSHA), National Institute of Occupational Safety and Health 
(NIOSH), World Health Organization (WHO) and American Conference for 
Governmental Industrial Hygienists (ACGIH). The exposure limits of countries 
worldwide are also different and must not be compared directly with each other 
because of differences in each country’s dust measurement strategies. 
 
6.2 Threshold Limit Values (TLVs) or Occupational 
Exposure Limits (OELs) 
 
Occupational Exposure Levels (OELs) were first proposed by Emhurst Duckering 
in the UK, as a way of limiting exposure to dust, in 1910 (Piney, 2001). But, in 
practice, OELs were developed, applied and promulgated by industrial hygienists 
in the USA, the ACGIH TLVs being the most famous and influential standards. 
According to Duckering (1910) “…The most scientific way of regulating a dusty 
trade would be to impose a limit on the amount of dust which may be allowed to 
contaminate the air breathed by the workpeople and to leave the manufacturer a 
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completely free choice of methods by which this result may be attained…” 
Threshold Limit Values (TLVs) refer to airborne concentrations of substances and 
represent conditions to which it is believed that nearly all workers may be 
repeatedly exposed day after day without adverse health effects. The establishment 
of a TLV is essentially an exercise in dose-response relationships. “TLV” is a 
copyrighted trademark of the ACGIH and TLVs are not mandatory Federal or 
State employee exposure standards in any countries but can be used as a guideline. 
These limits are updated annually and reflect generally the current professional 
recommendations on workers’ exposures to specific substances. In principle, the 
incidence of adverse health effects in people or animals is observed at different 
exposure levels. The level at which no adverse health effects occur is then 
determined, alternatively, the level where some effect is observed but at a rate that 
is somehow considered to be “acceptable" in terms of health effects. The 
definition of TLVs as levels that protect “nearly all workers” gives the clear 
impression that these limits are based primarily on health considerations. For coal 
dust there is no short-term exposure limits like for some airborne pollutants, due 
to the fact that no serious toxic effects have been reported from short-term 
exposures in humans or animals. 
 
In studying the effects of toxic substances in humans, experimental exposures are 
becoming less and less common. Most commonly, the health status is determined 
for persons who are exposed to hazardous materials in their normal work 
situations. Dose can be measured indirectly through sampling but they are not an 
accurate reflection of the “true dose.” Workers breathing rate depends on body 
size, race, gender; and the fraction of an inhaled dose deposited in the lungs of the 
worker depends on breathing rate, particle size, solubility and mouth versus nose 
breathing. This indicates that the dose received by different groups of workers 
may not be completely characterized by their airborne exposures. 
 
The major causes of inaccuracy in characterizing exposure, and thus dose, are the 
lack of exposure measurements. The past and continuing airborne exposures have 
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not been measured with a view toward supporting the development of an accurate 
and informative OEL. Measurements are frequently taken to assess compliance 
with existing standards. In South Africa measurements were taken for the 
calculation of levies bi-annually. Measuring exposures in a systematic way can be 
expensive and unless employers can see benefits for themselves, they will be 
reluctant to do it. Therefore this study will attempt to disseminate the measured 
dust levels that can be easily used in estimating the exposure level of workers with 
the existing control strategies. 
 
It has been accepted for several years that the time periods over which dust 
exposures are measured should be similar to the biological time periods over 
which adverse health effects develop. Hence, for primary irritants, which act 
almost instantaneously, very short sampling times or direct-reading instruments 
are needed. Where the health effect is the result of the cumulative dose during a 
single work shift an 8-hour time weighted average could be considered. However, 
this technique would ignore any high or peak exposures during the shift and, since 
the role of these short duration- high exposures in the development or 
advancement of pneumoconiosis is not fully understood, average full shift 
exposures should be used with caution and perhaps used with additional 
measurements. 
 
Exposures in the past are frequently examined using records from the past but 
more often using present records. The dangers of using these methods are that past 
records may not be available, especially if a mine has closed down and, secondly, 
present exposure levels may not be anywhere near what past levels used to be. 
Estimations may be not only non-representative but also far off the mark. (Ratney, 
1997). 
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6.3 Time Weighted Average (8-hour) 
 
Time Weighted Average (TWA) underpins many occupational exposure limits. Its 
limitations are recognized but its use and elements have received little attention in 
South Africa. The assessment of compliance is based on the exposure of the 
individual worker, usually expressed as the 8-hr Time Weighted Average (TWA) 
concentration. On a day-by-day basis, this exposure has to remain below a 
compliance dust standard; irrespective of the different tasks the worker performs 
using normal work procedures. Such OELs for coal dust are different for different 
countries. Also monitoring for a compliance dust standard is practically difficult 
for countries with scarce competent human resources like South Africa. 
 
In 1976 MacFarland emphasized the difference between exposure and true dose. 
Exposure corresponds to milligram-minutes per cubic metre of atmospheric air. 
True dose corresponds to grams per kilogram of body weight. Exposure is often 
measured in epidemiological studies: true dose, seldom. Exposure is specified in 
occupational exposure limits and true dose is vital for toxicological research. 
 
It is very important to note that true dose differs from exposure because, for 
example (Vincent, 2001) there may be inconsistencies in respiration caused by 
exposure conditions such as changes in air temperature that affects body 
metabolism. Furthermore, not all the inhaled substance is absorbed; some of the 
inhaled substance absorbed is re-excreted through the lungs; some of the absorbed 
substance is metabolised to other substances which may be more or less active 
than the substances to which the exposure occurred. Particles may have to be 
portioned according to size; other biochemical variables may interfere; and there 
may be large individual biological differences and responses. 
 
Use of single values (example, AQI or dust standard of 2.0 mg/m3) as an exposure 
index should be treated with due care because (Kielblock, et al., 1997): 
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• Simple averages or integration with time and concentration of exposure may 
be a practical expedient, but they may produce erroneous results because 
toxicological response cannot be expected to be a linear function of time and 
concentration and, 
• The amplitude and frequency of variation from a defined mean, currently 
ignored may be very important. 
 
A warning on the use of TWA states, “it is certain that with some chemicals a 
given Time Weighted Average concentration including major peaks during the 
day is more likely to injure than is the same average concentration during 
substantially constant exposure.” This is true in coal (Unsted, 1996). 
 
Since the effect (or response) of an airborne contaminant on a worker who is being 
exposed thereto is dependent on the dose (or mass) of the substance inhaled by the 
worker, it depends on two variables, viz., time of exposure (T) and concentration 
of the contaminant in the air (C). That is the product of concentration of 
contaminant in the air and time of exposure is defined as dose (Schroder, 1980). A 
SIMRAC study summarizing various past scientific studies indicated the 
following (Kielblock et al., 1997): 
 
• Concentration-time (CT) is not directly proportional to the severity of toxic 
effect for all values of CT i.e. CT is not a constant 
• The total amount of the substance absorbed is assumed decisive, irrespective 
of extent of fluctuation in concentrations and time distribution. The 
justification for this assumption has not been fully proven. 
• Estimation of whole shift average concentrations - even in the breathing zone 
by personal sampling - will not define the magnitude of the hazard. The 
monitoring of the fluctuations of concentration should complement such 
estimations exposure to high concentration peaks produced larger burdens and 
neuro-chemical effects than comparable exposure to stable concentrations of a 
(specific) contaminant. Constant TWA produced inconsistent effects. 
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• Concentration and duration are not equally weighted as presupposed by TWA. 
 
The study concluded that eight-hour TWA exposure limits may not be appropriate 
for controlling pneumoconiosis because lung impairment may be induced by 
transient peak exposures rather than by sustained exposure levels (Unsted, 1996). 
 
6.4 Peak Dust Concentrations 
 
The MRC's Dust Panels in the UK in 1956 and the Johannesburg International 
Conference on Pneumoconiosis in 1959 put forwarded the view that the average 
concentration levels to which men were exposed provides the most important 
measure of dustiness in relation to pneumoconiosis, but should be supplemented 
by a measure of variability if possible. In 1956, the NCB (UK) adopted the 
convention of sampling throughout periods of mining activity but not when 
production was interrupted. In the light of the problems of dust counting and of 
measuring fluctuating concentrations, Bedford and Warner (1943), considered that 
the hazard of exposure would be best represented by the mass concentration of 
dust particles less than 5 µm. Moreover, they did not refer to peaks of dust 
production and it appears that their proposals were intended to relate to the 
average concentration. 
 
The Dust Panels of the MRC, in 1957, expressed the view that mass might prove 
to be the best parameter for inert dusts and urged the development of suitable 
measuring instruments; the 1959 Johannesburg Conference recommended the use 
of mass for coal and surface area for quartz. Later research indicated that mass 
might be the more appropriate measure for quartz as well (Goldstein and Webster, 
1966). 
 
The development of methods of measurement of airborne dust in British mines 
and the associated problems up to 1966 have been well documented by Walton 
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(1966). The size selective sampling led to the introduction of a number of 
instruments for dust measurement. For the past twenty years, the introduction of 
gravimetric dust standards was based on what is seen as being reasonably 
practicable. The airborne dust standard was based on a standard working week of 
40 hours. There is, however, also the possibility of effects of increased exposure 
time and excessive overtime working as in the case of South African mines (45 
hours/week or 48 hours/week). 
 
The significance of peaks compared with average dust exposures over longer 
periods than the shift has been examined by Reisner (1977) who showed that 
pulmonary changes over 7 to 10 years were only slightly more frequent among 
miners who had experienced high monthly peaks of dust compared with men 
exposed to the same average levels more evenly distributed in time. It was 
concluded that the differences were too small for definite conclusions to be drawn, 
but that any peak effect could not be high. It was reported that for the purpose of 
risk assessment, it is desirable to estimate long-term cumulative or average 
exposures. However, peak exposures or sustained periods of high exposures may 
be important in the cause or origin of many occupational chronic diseases 
(Hewett, 1996). 
 
It is common theory that high concentrations (i.e., peaks) for short periods are 
more dangerous than lower concentrations over longer periods. The question 
whether peaks of dust exposure or the average level provide the best measure of 
the hazard has been discussed by Wright (1953). He concluded that the "peak 
hypothesis" is not supported by any evidence and further “. Although it could not 
be stated with certainty that the "average" hypothesis is perfectly correct, it was 
simple and reasonable and did not conflict with anything known about the 
mechanism of dust inhalation and retention.” The inadequate health study in this 
regard and monitoring and collection of such data would be helpful for 
surveillance of pneumoconiosis. 
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In later experimental studies involving rats, one group was exposed to dust for 20 
hours per day and the other to a concentration 10 times greater for only 2 hours, 
Wright (1953) found little difference between the amounts of dust accumulated in 
the lungs. Indeed, the amount was slightly but perhaps not significantly greater in 
the animals receiving the 20-hour exposures. The questions that remain 
unanswered are whether exposure to peaks longer than two hours would have 
yielded similar results and whether deposition in human lungs will follow a 
similar characteristic. 
 
One of the biggest problems to emerge with regards to gravimetric dust sampling 
has been the attempt to describe exposures in terms of average dust 
concentrations. It is well known that a low average concentration for a shift cannot 
accurately indicate any extreme conditions encountered during the shift. There is a 
growing awareness of the importance of peak concentrations and their effects on 
the human body. The concept of Threshold Limit Values (TLV) does not take into 
account exposure to a high concentration of material for only a short period of 
time (Rekus, 1988). This is an acknowledged limitation of 8-hour averaging. Even 
though the 8-hour time weighted average is below the TLV, frequent high-level 
short-term exposure could in itself result in adverse health effects in the long run. 
 
In the absence of non-linear effects, individual risk would be related to the 
cumulative history of exposure. If non-linear effects are involved, then isolated 
peak exposures might contribute disproportionately to chronic damage or might 
trigger the first stage in a multi-stage progression of disease. The frequency with 
which a particular threshold is exceeded could be an appropriate index of 
exposure (Roach and Rappaport, 1990). Although there are no medical studies 
specifically related to peak coal dust exposure in a working shift either on animals 
or human beings, this study is expected to give a picture of peak dust exposure 
and non-compliance to average engineering dust levels at the continuous mining 
machine. Any information on peak dust levels and their frequency in relation to 
average dust levels is envisaged to assist in quicker reactive measures on fixing 
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the dust control systems and their effectiveness in ultimately reducing the worker 
exposure. 
 
The studies of Trapido (1999) in gold mine workers in South Africa, it was 
concluded that face workers are apparently showing high levels of silicosis 
compared to the workers with supervisory roles in South African mines. The 
authors attributed this due to face workers being intermittently exposed to very 
high dust levels that overwhelm the lungs’ dust clearing mechanisms (Trapido 
1999, Williams, 1999). It can also be reasoned that workers on the supervisory 
role are always away from the face area and obviously are not exposed to frequent 
peak dust exposure levels. Further explanations are explained in Section 2.4.3. 
Based on the above discussions, the peak dust levels observed during coal cutting 
operation is considered as a parameter of DELI and discussed hereafter. 
 
6.5 Data Collection and Analysis 
 
Peak dust concentration levels during a working shift are an aspect of 
environmental health and is a safety hazard not currently considered in coal mines. 
The implications are that research is warranted in the quest to address missing 
information and knowledge regarding the influence of peak dust levels and their 
frequency in the effective understanding of pneumoconiosis, its formation and 
control from both engineering and administrative control means. 
 
In order to analyse the effect of peak dust concentration levels on worker exposure 
in a working shift, a real-time full-shift dust exposure survey is necessary. This 
was obtained with the real-time dust monitoring instruments. The best location to 
obtain the exposure data is the highest dust concentration levels, which in fact is 
the continuous mining machine operator cabin position. Therefore real-time dust 
concentration data was collected for analysis of peak concentrations from various 
underground mines for the production shift. The peak dust level for the study is 
defined as the respirable dust level recorded by the real-time dust monitor at the 
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CM operator’s position during an underground working shift which is a multiple 
of the statutory compliance level of 2.0 mg/m3. 
 
Table 6.1 shows the summary of real-time concentration shift data obtained from 
6 different underground mines for the purpose of peak dust level analysis. Three 
types of underground mining machine data were used for the analysis purposes. At 
mines A, B, C and D continuous miners (CM) were used for the bord and pillar 
development section. Similarly, at Mine E, a road heading (RH) machine was used 
for the bord and pillar development section. Real-time data obtained at Mine F 
was at an operational longwall. Also, at Mine A, real-time shift data for various 
types of dust control systems (See Appendix-A) were separated for analysis 
purposes as Mine A1, Mine A2, Mine A3 and Mine A4. It must be borne in mind 
that the real-time data collected for this study was not measured in the breathing 
zone of the worker and therefore it is not a real-time personal dust exposure. 
 
Table 6.1: Summary of real-time concentration shift data 
 
Mining type Mine Name Number of 
sample shifts 
Avg. sample 
concentration, 
mg/m3 
Avg. production, 
tons 
Continuous Miner  Mine A 48 3.76 620 
 Mine A1 26 3.66 590 
 Mine A2 8 2.33 770 
 Mine A3 10 4.44 550 
 Mine A4 4 5.87 630 
 Mine B 15 5.69 570 
 Mine C 8 4.28 750 
 Mine D 4 6.12 1060 
Road Header Mine E 25 4.52 760 
Longwall Mine F 4 8.19 3355 
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6.5.1 Data Analysis 
 
In order to analyse the influence of peak dust levels and their frequency during a 
continuous mining operation, each underground shift concentration data set 
obtained from a real-time dust monitoring instrument (Hund tyndallometer) was 
analysed to incorporate only the data when the continuous mining extraction unit 
was in operation or cutting. This was carried out using the time-study data 
collected during each of the cutting shifts. The real-time dust monitoring 
instrument recorded the dust concentration levels for every 8 seconds. Further 
each of the individually processed real-time shift concentration data sets was 
classified according to the various concentration levels between the range of 0.0 to 
2.0 mg/m3, 2.0 to 5.0 mg/m3, 5.0 to 10.0 mg/m3, 10.0 to 50.0 mg/m3, 50.0 to 
100.0 mg/m3, 100.0 to 150.0 mg/m3, 150.0 to 300.0 mg/m3, and 300.0 to 
400.0 mg/m3. Further, frequency of dust levels in the respective dust range was 
quantified. 
 
For the analysis of peak dust levels during an underground shift, individually 
processed real-time dust data (as discussed above) according to concentration 
level and respective frequency was collated and plotted. Each of the 
concentration-frequency data were classified according to individual mine and for 
average engineering dust levels less than 5 mg/m3 and greater than 5 mg/m3. 
 
Continuous Miner Section - Mine A 
 
There were a total of 48 underground real-time concentration data sets for various 
dust control system types viz., System 1 for Mine A1, System 2 for Mine A1, and 
System 3 for Mine A3 (See Appendix-A). The dust control system at Mine A4 did 
not follow any specific spray configuration with missing spray blocks and nozzles. 
The type of dust control system does not have any significance for this particular 
experiment, but peak dust values can be used as an indicator of the efficiency of 
the dust control system. The main data set was sub divided according to type of 
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dust control systems used. The sub data sets are Mine A1, Mine A2, Mine A3 and 
Mine A4 containing 26, 8, 10 and 4 individual real-time data sets respectively. 
The Mine A average engineering sample dust concentration and average shift 
production for the sampling period are 3.77 mg/m3 and 620 tons respectively. The 
average engineering sample dust level for the Mine A1, Mine A2, Mine A3 and 
Mine A4 are 3.66 mg/m3, 2.33 mg/m3, 4.44 mg/m3, and 5.87 mg/m3 respectively. 
Similarly, the average shift production for the Mine A1, Mine A2, Mine A3 and 
Mine A4 are 590 tons, 770 tons, 550 tons and 630 tons respectively. 
 
Continuous Miner Section - Mine A1 
 
In this continuous miner section, the CM was using System 1 type of dust control 
system and a total of 26 underground shift real-time data was collected. The 
average engineering sample dust concentration was 3.66 mg/m3 with an average 
working shift production during the test period of 590 tons. The real-time dust plot 
at the CM operator’s position and section return position using System 1 type dust 
control system for a total of 26 underground shifts are shown in Appendix (B1). 
The individual shift CM operator position data was analysed for peak dust levels 
in the respective identified ranges. The histogram data with identified range of 
dust level value was separated according to daily engineering dust level of greater 
and lesser than 5 mg/m3 respectively. Table 6.2 shows the summary of shift 
average dust levels and frequency of peak dust levels obtained from the real-time 
data in the defined dust ranges. 
 
Table 6.2: Summary of shift dust average and frequency of peak dust levels 
at Mine A1 
 
Test # Dust Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3
 
0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 2.664 118 122 85 72 0 0 0 0 
2 4.924 311 421 112 118 22 15 5 0 
3 2.292 328 255 152 104 3 0 0 0 
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4 0.863 674 78 34 6 0 0 0 0 
5 4.763 418 643 253 278 18 3 0 0 
6 6.524 91 474 453 308 44 20 6 0 
7 14.74 23 394 433 300 59 20 36 7 
8 2.943 216 193 59 145 14 0 0 0 
9 5.583 195 308 116 179 35 5 0 0 
10 2.796 324 750 148 75 0 0 0 0 
11 3.256 183 391 216 184 8 0 0 0 
12 5.209 47 1189 506 250 1 1 0 0 
13 2.988 296 433 172 86 0 0 0 0 
14 1.478 179 99 46 70 10 0 0 0 
15 4.296 178 645 218 196 22 1 0 0 
16 5.272 281 406 223 299 27 6 1 0 
17 3.663 281 539 150 170 6 0 0 0 
18 1.910 121 349 186 13 0 0 0 0 
19 2.519 42 568 203 99 2 0 0 0 
20 2.781 147 609 253 114 0 0 0 0 
21 2.050 761 855 221 56 0 0 0 0 
22 1.989 108 775 156 29 0 0 0 0 
23 0.967 2363 37 11 4 0 0 0 0 
24 4.241 124 690 226 96 14 1 0 0 
25 2.336 122 538 39 12 1 0 0 0 
26 4.186 492 780 328 229 17 1 1 0 
 
 
Figures 6.1 and 6.2 show the frequency-dust concentration profiles for the 
continuous mining section-Mine A1. 
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Figure 6.1: Frequency-dust concentration profile at the CM operator position 
for engineering dust levels < 5 mg/m3 at Mine A1 
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Figure 6.2: Frequency-dust concentration profile at the CM operator position 
for engineering dust levels > 5 mg/m3 at Mine A1 
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Continuous Miner Section - Mine A2 
 
In this continuous miner section, the CM was using a System 2 type of dust 
control system and a total of 8 underground shift real-time data was collected. The 
average engineering sample dust concentration was 2.33 mg/m3 with an average 
working shift production during the test period of 770 tons. The real-time dust 
plots at the CM operator’s position and section return positions using System 2 
type dust control system for a total of 8 underground shifts are shown in Appendix 
(B2). The individual shift data was analysed for peak dust levels in the respective 
identified ranges. The histogram data with identified range of dust level value was 
separated according to daily engineering dust level of greater and lesser than 
5 mg/m3 respectively. Table 6.3 shows the summary of shift average dust levels 
and frequency of peak dust levels obtained from the real-time data in the defined 
dust ranges. 
 
Table 6.3: Summary of shift dust average and frequency of peak dust levels 
at Mine A2 
 
Test # Dust Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3 0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 1.917 784 20 3 2 0 0 0 0 
2 2.511 300 1037 186 2 0 0 0 0 
3 1.962 1537 516 76 40 0 0 0 0 
4 3.661 885 825 438 225 6 0 0 0 
5 3.068 747 619 223 133 3 0 0 0 
6 0.984 783 3 0 0 0 0 0 0 
7 2.236 1770 641 110 84 3 0 0 0 
8 2.267 156 167 29 21 1 0 0 0 
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Figure 6.3: Frequency-dust concentration profile at the CM operator position 
for Mine A2 during engineering concentration levels < 5 mg/m3 
 
 
Figure 6.3 show the frequency-dust concentration profiles for the continuous 
mining section-Mine A2 when the engineering sample concentration was less than 
5 mg/m3. However, during this test series, the engineering dust concentration 
levels never exceeded the 5 mg/m3 limit. 
 
Continuous Miner Section - Mine A3 
 
In this continuous miner section, the CM was using System 3 type of dust control 
system and real-time data was collected for a total of 10 underground shifts. The 
average engineering sample dust concentration was 4.44 mg/m3 with an average 
working shift production during the test period of 550 tons. The real-time dust 
plots at the CM operator’s position and section return position using System 3 
type dust control system for a total of 10 underground shifts is shown in Appendix 
(B3). The individual shift data was analysed for peak dust levels in the respective 
identified ranges. The histogram data with identified range of dust level values 
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were separated according to daily engineering dust level of greater and lesser than 
5 mg/m3 respectively. 
 
Table 6.4 shows the summary of shift average dust levels and frequency of peak 
dust levels obtained from the real-time data in the defined dust ranges. Figures 6.4 
and 6.5 show the frequency-dust concentration profiles for the continuous mining 
section Mine A3. 
 
Table 6.4: Summary of shift dust average and frequency of peak dust levels  
at Mine A3 
 
Test # Dust Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3
 
0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 4.541 22 190 222 223 15 7 7 0 
2 8.562 1 94 176 427 27 12 13 0 
3 3.714 177 522 330 238 6 1 0 0 
4 1.587 188 56 0 0 0 0 0 0 
5 5.340 758 541 246 272 31 6 6 0 
6 2.942 288 442 301 136 1 0 1 0 
7 3.369 323 591 179 143 13 2 0 0 
8 2.180 272 830 210 13 0 0 0 0 
9 1.495 1487 293 11 16 0 0 0 0 
10 10.69 3 311 1038 1258 52 7 2 0 
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Figure 6.4: Frequency-dust concentration profile at the CM operator position 
for engineering dust levels < 5 mg/m3 at Mine A3 
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Figure 6.5: Frequency-dust concentration profile at the CM operator position 
for engineering dust levels > 5 mg/m3 at Mine A3 
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Continuous Miner Section - Mine A4 
 
In this continuous miner section, the CM was not using any well defined type of 
dust control system and real-time data was collected for a total of 4 underground 
shifts. The average engineering sample dust concentration was 5.87 mg/m3 with 
an average working shift production during the test period of 630 tons. The real-
time dust plots at the CM operator’s position and section return position for a total 
of 4 underground shifts is shown in Appendix (B4). The individual shift data was 
analysed for peak dust levels in the respective identified ranges. The histogram 
data with identified range of dust level values were separated according to daily 
engineering dust level of greater and lesser than 5 mg/m3 respectively. Table 6.5 
shows the summary of shift average dust levels and frequency of peak dust levels 
obtained from the real-time data in the defined dust ranges. 
 
Table 6.5: Summary of shift dust average and frequency of peak dust levels 
at Mine A4 
 
Test # Dust  Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3
 
0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 7.409 294 854 544 353 25 4 3 0 
2 7.463 49 723 595 18 1 1 0 0 
3 7.916 235 403 214 317 59 22 9 0 
4 0.690 410 57 15 19 0 0 0 0 
 
 
Figures 6.6 and 6.7 show the frequency-dust concentration profiles for the 
continuous mining section-Mine A4. It was observed during the tests that the dust 
control system was extremely ineffective and poorly maintained. 
 
 
 
 - 146 - 
y = 95.331e -0.0376x
R2 = 0.3116
1
10
100
1000
10000
1 10 100 1000
Dust concentration, mg/m3
Fr
eq
u
en
cy
 
 
Figure 6.6: Frequency-dust concentration profile at the CM operator position 
for engineering dust < 5 mg/m3 for Mine A4 
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Figure 6.7: Frequency-dust concentration profile at the CM operator position 
for engineering dust levels > 5 mg/m3 for Mine A4 
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The overall frequency plot for the same mining section (Mine A) with various dust 
control system types was plotted together and is shown in Figures 6.8 and 6.9. 
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Figure 6.8: Overall frequency-dust concentration profile at the CM operator 
position for engineering dust levels < 5 mg/m3 for Mine A 
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Figure 6.9: Overall frequency-dust concentration profile at the CM operator 
position for engineering dust levels > 5 mg/m3 for Mine A 
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Continuous Miner Section - Mine B 
 
In this continuous miner section Mine B, a total of 15 underground shift real-time 
data were collected. The discussion of the integrated hood dust control system 
(System 4) used is discussed elsewhere (Appendix-A). The average engineering 
sample dust concentration was 5.69 mg/m3 with an average working shift 
production during the test period of 570 tons. The real-time dust plot at the CM 
operator’s position and section return positions for a total of 15 underground shifts 
is shown in Appendix (B5). The individual shift data was analysed for peak dust 
levels in the respective identified ranges. The histogram data with identified range 
of dust level value was separated according to daily engineering dust level of 
greater and lesser than 5 mg/m3 respectively. Table 6.6 shows the summary of 
shift average dust levels and frequency of peak dust levels obtained from the real-
time data in the defined dust ranges. 
 
Table 6.6: Summary of shift dust average and frequency of peak dust levels 
at Mine B 
 
Test # Dust Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3 0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 5.741 202 924 235 355 35 13 0 0 
2 1.194 2505 32 6 21 0 0 0 0 
3 7.189 636 501 400 690 2 0 0 0 
4 5.317 38 952 766 279 9 6 3 0 
5 2.958 25 230 77 164 0 0 0 0 
6 7.51 631 652 382 275 53 22 8 1 
7 6.47 347 335 282 362 43 14 3 0 
8 17.79 1 1146 529 610 97 42 50 13 
9 7.15 389 728 476 500 51 15 2 0 
10 5.900 2 1368 880 337 16 2 0 0 
11 2.034 1792 235 55 54 0 0 0 0 
12 1.271 1228 204 18 6 0 0 0 0 
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13 2.696 339 593 135 68 9 0 0 0 
14 9.015 237 827 857 503 31 10 13 8 
15 3.086 40 361 312 109 0 0 0 0 
 
 
Figures 6.10 and 6.11 show the frequency-dust concentration profiles for the 
continuous mining section-Mine B. 
 
 
y = 145.48e -0.0112x
R2 = 0.0688
1
10
100
1000
10000
1 10 100 1000
Dust concentration, mg/m3
Fr
eq
u
en
cy
 
 
Figure 6.10: Overall frequency-dust concentration profile at the CM operator 
position for Mine B during engineering dust levels < 5 mg/m3 
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Figure 6.11: Overall frequency-dust concentration profile at the CM operator 
position for Mine B during engineering dust levels > 5 mg/m3 
 
 
Continuous Miner Section - Mine C 
 
In this continuous miner section Mine C, real-time data was collected for a total of 
8 underground shifts. The average engineering sample dust concentration was 
4.28 mg/m3 with an average working shift production during the test period of 
750 tons. The real-time dust plots at the CM operator’s position for a total of 8 
underground shifts is shown in Appendix (B6). The individual shift data was 
analysed for peak dust levels in the respective identified ranges. The histogram 
data with identified range of dust level values were separated according to daily 
engineering dust level of greater and lesser than 5 mg/m3 respectively. Table 6.7 
shows the summary of shift average dust levels and frequency of peak dust levels 
obtained from the real-time data in the defined dust ranges. Figures 6.12 and 6.13 
show the frequency-dust concentration profiles for the continuous mining section-
Mine C. 
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Table 6.7: Summary of shift dust average and frequency of peak dust levels 
at Mine C 
 
Test # Dust Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3
 
0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 1.973 539 457 64 6 0 0 0 0 
2 3.395 1023 330 329 240 12 8 8 0 
3 2.376 914 318 128 73 4 2 4 0 
4 4.756 1710 1431 398 384 30 7 0 0 
5 5.232 605 641 364 291 1 2 1 0 
6 3.344 842 1120 294 86 4 2 1 0 
7 10.29 220 1587 811 439 31 15 27 10 
8 2.839 735 1676 121 17 1 0 0 0 
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Figure 6.12: Overall frequency-dust concentration profile at the CM operator 
position for Mine C during engineering dust levels < 5 mg/m3 
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Figure 6.13: Overall frequency-dust concentration profile at the CM operator 
position for Mine C during engineering dust levels > 5 mg/m3 
 
 
Continuous Miner Section - Mine D 
 
In this continuous miner section Mine D, real-time data was collected for a total of 
4 underground shifts. The average engineering sample dust concentration was 
6.12 mg/m3 with an average working shift production during the test period of 
1060 tons. The real-time dust plots at the CM operator’s position and section 
return position for a total of 4 underground shifts is shown in Appendix (B7). The 
individual shift data was analysed for peak dust levels in the respective identified 
ranges. The histogram data with identified range of dust level values were 
separated according to daily engineering dust level of greater and lesser than 
5 mg/m3 respectively. Table 6.8 shows the summary of shift average dust levels 
and frequency of peak dust levels obtained from the real-time data in the defined 
dust ranges. 
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Table 6.8: Summary of shift dust average and frequency of peak dust levels 
at Mine D 
 
Test # Dust Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3
 
0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 7.05 201 490 615 649 34 2 7 0 
2 9.41 168 333 400 762 31 2 0 0 
3 4.80 368 566 397 272 10 2 0 0 
4 3.22 543 490 160 146 31 5 1 0 
 
Figures 6.14 and 6.15 show the frequency-dust concentration profiles for the 
continuous mining section-Mine D. 
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Figure 6.14: Overall frequency-dust concentration profile at the CM operator 
position for Mine D during engineering dust levels < 5 mg/m3 
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Figure 6.15: Overall frequency-dust concentration profile at the CM operator 
position for Mine D during engineering dust levels > 5 mg/m3 
 
 
Road Header Section - Mine E 
 
In this road header (RH) section Mine E, a total of 25 underground shift real-time 
data was collected. The description of the dust control system is discussed in 
Appendix (A). The real-time dust plots at the CM operator’s position and section 
return position for a total of 25 underground shifts is shown in Appendix (B8). 
The average engineering sample dust concentration was 4.52 mg/m3 with an 
average working shift production during the test period of 760 tons. The 
individual shift data was analysed for peak dust levels in the respective identified 
ranges. The histogram data with identified range of dust level values were 
separated according to daily engineering dust level of greater and lesser than 
5 mg/m3 respectively. Table 6.9 shows the summary of shift average dust levels 
and frequency of peak dust levels obtained from the real-time data in the defined 
dust ranges. 
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Table 6.9: Summary of shift dust average and frequency of peak dust levels 
at Mine E 
 
Test # Dust  Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3
 
0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 3.42 655 289 199 207 18 2 0 0 
2 6.29 416 601 274 297 84 16 2 0 
3 1.89 791 246 126 112 1 0 0 0 
4 2.89 1172 506 219 128 2 0 0 0 
5 4.00 357 1255 795 187 60 34 6 0 
6 10.44 10 763 1177 534 77 5 1 0 
7 4.45 379 736 569 212 3 2 0 0 
8 6.77 27 764 1219 325 16 0 0 0 
9 5.52 93 784 686 232 3 0 0 0 
10 8.59 480 630 891 694 66 8 1 0 
11 4.85 434 904 619 174 1 0 0 0 
12 6.37 668 603 721 618 38 0 0 0 
13 1.76 1572 241 173 41 1 0 0 0 
14 4.24 58 555 434 221 12 0 0 0 
15 3.36 1686 525 290 219 3 0 0 0 
16 2.62 896 556 261 120 1 0 0 0 
17 5.56 81 1752 769 345 24 1 0 0 
18 4.95 337 1097 376 288 0 0 0 0 
19 3.35 36 1040 152 83 0 0 0 0 
20 4.37 66 937 494 202 14 7 0 0 
21 2.06 1472 403 219 86 0 0 0 0 
22 2.75 1261 832 234 99 4 1 0 0 
23 7.48 41 1295 545 682 26 0 0 0 
24 0.68 135 57 2 1 0 0 0 0 
25 4.38 329 483 249 195 18 1 0 0 
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Figures 6.16 and 6.17 show the frequency-dust concentration profiles for the 
continuous mining section-Mine E. 
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Figure 6.16: Overall frequency-dust concentration profile at the RH operator 
position for Mine E during engineering dust levels < 5 mg/m3 
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Figure 6.17: Overall frequency-dust concentration profile at the RH operator 
position for Mine E during engineering dust levels > 5 mg/m3 
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Longwall Shearer Section - Mine F 
 
In this longwall double drum shearer section Mine F, real-time dust data was 
collected for a total of 4 underground shifts. The description of the longwall dust 
control system is summarised in Appendix (A). The average engineering sample 
dust concentration was 8.19 mg/m3 with an average working shift production 
during the test period of 3355 tons. The real-time dust plots at the feeder breaker 
position, headgate position, shearer mid-point sample, tailgate position, longwall 
return position is shown in Appendix (B9). The individual shift data was analysed 
for peak dust levels in the respective identified ranges. The histogram data with 
identified range of dust level values were separated according to daily engineering 
dust level of greater and lesser than 5 mg/m3 respectively. Table 6.10 shows the 
summary of shift average dust levels and frequency of peak dust levels obtained 
from the real-time data in the defined dust ranges. 
 
Table 6.10: Summary of shift dust average and frequency of peak dust levels  
at Mine F 
 
Test # Dust  Frequency of peak dust level (mg/m3) range 
 Conc. mg/m3 0-2 2-5 5-10 10-50 50-100 100-150 150-300 >300 
1 11.84 105 463 289 646 220 29 6 0 
2 9.19 47 387 218 459 141 49 6 0 
3 3.53 29 724 297 248 6 1 0 0 
4 8.90 14 274 193 556 223 76 17 0 
 
 
Figures 6.18 and 6.19 show the frequency-dust concentration profiles for the 
continuous mining section-Mine F. 
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Figure 6.18: Overall frequency-dust concentration profile at the longwall 
shearer mid-point for Mine F during engineering dust levels < 5 mg/m3 
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Figure 6.19: Overall frequency-dust concentration profile at the longwall 
shearer mid-point for Mine F during engineering dust levels > 5 mg/m3 
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Finally, all individual mine (mine A to mine F) frequency-dust concentration 
profiles according to average shift engineering dust level of greater and lesser than 
5.0 mg/m3 were combined. Figures 6.20 and 6.21 show the combined frequency-
dust concentration profile for the shift engineering dust value of lesser and greater 
than 5 mg/m3 respectively. From the plots it is evident that the average 
engineering dust levels were directly related to frequency of peak dust levels in the 
range of 100 mg/m3, 150 mg/m3 and 300 mg/m3. Comparing the average dust 
levels with frequency of peak dust levels indicates that frequency of occurrence of 
peak dust levels of 50 mg/m3 or above for an average dust level of greater than 
5 mg/m3 is double that of average dust levels of less than 5 mg/m3. With the 
developments in real-time dust measurement technologies it is envisaged that the 
frequency of peak dust levels encountered during a working shift can be 
effectively made use of in a quick determination of worker exposure and the dust 
control system’s efficiency. 
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Figure 6.20: Overall frequency-dust concentration profile for all mines with 
engineering dust levels < 5 mg/m3 
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Figure 6.21: Overall frequency-dust concentration profile for all mines with 
engineering dust levels > 5 mg/m3 
 
6.6 Conclusions 
 
Occupational Exposure Level (OEL) has three basic components (Hewett, 1996): 
concentration, averaging time and target of the exposure, in this case the coal mine 
worker. There are many agencies who have designed values such as Permissible 
Exposure Limits (PELs) of Occupational Safety and Health Administration, 
Recommended Exposure Limits (RELs) of the NIOSH and the Threshold Limit 
values (TLVs) of ACGIH, which are intended, in principle, to be applied to the 
exposures experienced by a mine worker. Due to the changing working conditions 
and working hours, the use or comparison of the average shift dust measurements 
to a legal OEL (originally defined as a single shift of 8-hr) becomes questionable. 
Also, some of these standards developed by overseas authorities are approaching 
30 years of age and these standards are always under review. 
 
In South Africa, DME appears to have relied heavily on the world bodies such as 
ACGIH, NIOSH, ISO, CEN and WHO for guidelines. In South Africa, for coal 
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mines, we do not have a dose-response curve for Coal Workers’ Pneumoconiosis 
(CWP). Therefore, setting up a foolproof standard or exposure level will become 
cumbersome and implementation thereof will be a difficult exercise where the 
resources are scarce. In the same vein, the need for the revision of existing 
exposure evaluation methods, or developing improved standards based on 
evidence or developing a new practical tool to exposure assessment is becoming a 
necessity. 
 
In the year 1997, the DME conceived the Engineering Exposure Levels (EELs) 
considering the cutting machine as the target in controlling dust exposure, as this 
would reduce the exposure levels of the entire exposure group, work area or the 
section. Currently, the EEL for the coal mines is 5 mg/m3. However, this 
engineering exposure limit is not applicable for the personal exposure limit of 
2 mg/m3. In South Africa, all the coal mining sections are repetitively collecting 
engineering dust samples day after day. The analysis of the vast amount of data 
submitted to the DME is not properly investigated due to lack of human and 
technical resources. This situation is not assisting either the coal mine operator or 
the DME in evaluating the situation or estimating the level of worker protection 
from dust exposures. 
 
In practice, the gravimetric dust samples collected from the mines takes a turnover 
time of up to three working days to determine the shift dust concentration levels, 
due to transport of the dust samples to a distant laboratory, keeping the sample for 
acclimatisation and then weighing. In such cases, use of a real-time dust monitor 
available at an individual mine can be effectively made use of based on the 
relationship between frequency of peak dust levels and the shift engineering dust 
level obtained from this study. Therefore, the use of peak concentration level as a 
parameter in expressing dust exposure level of a worker can become the correct 
path for achieving the ultimate goal of zero or minimum exposure for mine 
workers. This can be achieved through quick reaction time for maintaining dust 
control systems. In order for effective use the peak dust level and its frequency of 
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occurrence, a matrix has been developed based on analysing the field data and is 
summarized in Table 6.11. The contents are based on the frequency of the peak 
concentrations in the respective zones as shown in Figure 6.22. The colour coding 
gradient from ‘Green’ to ‘Red’ in the plot represents increase in exposure levels 
with increase in dust concentration. 
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Figure 6.22: Frequency-dust concentration indicator model for dust exposure 
levels 
 
Table 6.11: Frequency-dust concentration indicator models for dust exposure 
levels 
 
Plot area Line 
equation 
Color Exposure 
degree 
Description 
A Y = 275e-0.056x Green I Good 
B Y = 250e-0.021x Yellow II Moderate to sensitive 
C Y = 270e-0.014x Orange Red III Unhealthy 
D  Red IV Very Unhealthy to Hazardous 
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The above information can be used in practice by coal mines using any real-time 
dust monitor with an established gravimetric correction factor from the best-fit 
model. Table 6.12 shows the practical reference table on frequency-dust level 
obtained from the derived peak dust level model for real-time dust measured at the 
operator’s cabin position on continuous miners and road headers. For a longwall 
section this would be the middle point on the shearer. Real-time dust data obtained 
from a coal mine section during or just after working shift can be analysed for 
occurrence of peak dust levels in pre-defined ranges discussed above using a 
simple spreadsheet programs like Microsoft Excel or in-built programme in the 
real-time dust monitor. After obtaining the frequency of the peak dust levels and 
comparing it to the reference table (Table 6.12) one can come to a general 
conclusion with regard to the level of dust a worker is exposed to and immediate 
action on maintaining the dust control systems can be taken before the beginning 
of the next working shift. With the existing method of gravimetric sampling it 
nearly takes 3 days to obtain the results and during the waiting period workers will 
be at risk of high dust exposures. 
 
Table 6.12: Reference table on peak exposure levels in the coal face 
 
Frequency of dust level Real-time dust 
level, mg/m3 Ideal value Shift dust level 
< 5 mg/m3 
Shift dust level 
> 5 mg/m3 
1 260 244 266 
2 246 238 263 
10 157 195 235 
50 17 72 134 
100 1 21 67 
150 0 6 33 
300 or more 0 0 5 
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It must be borne in mind that the peak dust exposure level index was derived from 
the engineering dust levels measured at the operator’s cabin position using real-
time dust instrument measuring at every 8 seconds during the cutting operation. In 
summary the peak dust level index is practical in monitoring and maintaining the 
dust control systems and thus lower the risk of dust exposure level of workers. 
 
6.7 Summary 
 
The focus of this chapter is to understand the peak dust level data obtained during 
the coal cutting operation in a bord and pillar coal mine that can be effectively 
used to estimate worker exposure levels. Unlike waiting for a few days for 
gravimetric sample results, the real-time information can be very effectively used 
just after the shift for estimating the worker exposure levels. The task can be 
carried out using the real-time data (recorded at every 8 seconds for the cutting 
operations) from the monitor positioned at the machine operator’s position in 
various underground coal mines and analysing the peak dust levels for their 
frequency of occurrence during the shift. 
 
The results show a clear relationship between the average engineering dust levels 
and the frequency of occurrence of “peak” dust levels. Comparing shift 
engineering dust levels with frequency of peak dust levels indicates that frequency 
of occurrence of peak dust levels (50 mg/m3 or above) during shift average dust 
level of greater than 5 mg/m3 is double that of shift average dust levels of less than 
5 mg/m3. The proposed index based on peak concentration levels are based on the 
hypothesis that the worker who is working in the face area is exposed to frequent 
peak concentration levels and thus the cumulative deposition of the respirable dust 
in the lungs could be much higher. Therefore, the recovery period for the worker 
in the face area from the deposited lung dust could also be comparatively higher. 
The index can be used in risk assessment and as an administrative monitoring 
approach for a cleaner environment. 
 - 165 - 
 
Further, the real-time dust information can be wisely applied to evaluate the 
available state-of-the-art dust control technologies, best work practices, and to 
audit maintenance of the installed dust control systems to ensure that dust levels 
are controlled immediately and after every shift. It is the author’s strong belief that 
the use of peak concentration levels is one of the most important parameter in 
implementing an effective dust control system and reducing the worker exposure 
to coal dust. This tool is recommended for dust level monitoring (exposure) by the 
mine environment officers, occupational hygienists and mine management. The 
mine can then make decisions for upgrading the dust control system or the 
effective use of respirators in areas where engineering dust control mechanisms do 
not exist. Finally, use of the peak exposure chart (Figure 6.22) and index (Tables 
6.11 and 6.12) discussed in this chapter could assist to better understand the dust 
exposure level and the resulting medical response in future epidemiological 
studies. It is also recommended that a real-time peak dust level model should be 
established based on real-time personal sample data from South African 
underground coal mines. 
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Chapter 7 Intake Dust Concentration Levels 
7.1 Fresh Intake Air 
 
Fresh air intake in an underground mine is of critical importance to the 
occupational health and safety of workers due to the dynamic, confined and 
dangerous nature of the mining environment. If the intake air is seriously 
contaminated by airborne respirable dust then the exposure of the workforce in the 
section will constantly be elevated by that background dust level. During the 
mining process, various levels of dust will be generated at various dust sources, 
some of which will be captured and some will be re-introduced into the air. 
Therefore, the need for the fresh intake air to dilute and disperse the high dust 
concentration levels in a mining environment is very important. Also, the re-
circulation of air in the mining environment is some times a part of the process. 
Unlike the situation in the coal mines in USA, in many mines in South Africa, belt 
air is not separated from the fresh air intake in the sections. High expectations in 
maintaining a better working environment in the face area require clean fresh air 
intake into the section. 
 
Effective primary and secondary ventilation in underground mines is achieved 
through dividing roadways and splits into parallel circuits. Extraction of coal in 
deep development headings is realized through auxiliary ventilation devices such 
as a jet fan or force fan with columns. Dust entrainment is one of the problems 
deriving from high intake velocities due to the design of the mine roadways. 
Intake air to coal production faces generally contains dust generated by conveyor 
belts, transfer points and travelling roads. The long roadways, up to a few 
kilometres in some of the existing mines, to the coal sections involve the 
ventilation circuits of individual sections. This leads to a progressive increase in 
the intake dust levels in the fresh air and thus high dust levels in the air delivered 
to the working sections downstream. This could be avoided by having much 
 - 167 - 
shorter and more direct ventilation circuits through each working area. However, 
from the practical point of view, this is almost impossible and would certainly not 
be cost-effective. Alternatively, the dust levels could be lowered by increasing the 
quantity of ventilation air at a high power cost to the mine, although there would 
still be limitations. 
 
In the process of reducing the worker exposure to the dust in the face area, the 
attention to the monitoring of fresh intake air is given a low priority. However, the 
intake dust level can be used as a parameter in estimating the exposure levels of 
workers in the section intake and also to monitor “freshness” of intake air to the 
section. This information would facilitate the mine (ventilation) management’s 
regulation of the strategic aspect of controlling the dust in the sections and thus 
help to reduce worker dust exposure. 
 
7.2 Intake Dust Levels 
 
In order to achieve an effective reduction in personal exposure levels in coal 
mines, intake air concentrations of respirable coal mine dust must be kept 
sufficiently below the dust standards (2.0 mg/m3) or Recommended Exposure 
Levels (RELs) of 1.0 mg/m3 (NIOSH, 1995). According to 30 CFR 70.100 
(MSHA Respirable dust standards): 
 
• Each operator shall continuously maintain the average concentration of 
respirable dust in the mine atmosphere during each shift to which each 
miner in the active workings of each mine is exposed, at or below 
2.0 mg/m3 of air as measured with an approved sampling device and in 
terms of an equivalent concentration determined in accordance with 
approved sampling devices; equivalent concentrations. 
• Each operator shall continuously maintain the average concentration of 
respirable dust within 200 feet out-by the working faces of each section in 
the intake airways at or below 1.0 mg/m3 of air as measured with an 
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approved sampling device and in terms of an equivalent concentration 
determined in accordance with approved sampling devices; equivalent 
concentrations. 
 
In South Africa, there are no such RELs specifically for the fresh intake air dust 
levels but all the personal respirable dust exposure levels should be below the 
standard of 2 mg/m3. 
 
7.3 Section Intake Dust Levels in Overseas Mines 
 
As a part of this study, data on intake dust levels measured worldwide was 
collected and it was found that scant research data on intake dust levels was 
publicly available from the literature overseas. For example, MESA studies of 
1977 and the USBM studies give short term (50 minute) samples taken in intake 
airways in a few coal mines in USA. Some of the data found in the reports (see 
Table 7.1 and 7.2) does not give details of sampling period of measured intake 
dust levels. In the recent years, efforts have been made mainly to quantify the dust 
sources and levels in the face area of coal mines. 
 
In the early 1970’s a brief Bureau of Mines study of respirable dust levels in 
several mines, as measured by federal inspectors, suggested that in some mines 
respirable dust concentrations appeared to be higher in winter than in summer, but 
that this was not true for other mines. However, a later study in 1986 by the 
Bureau concluded that any seasonal effects are insignificant (Divers, E., Courtney, 
W., and Greninger, N., 1986). Despite this, winter alert for high dust levels is still 
the practice with MSHA. The study did not differentiate the influence of season on 
the intake dust levels. An Institute of Occupational Medicine (IOM) study carried 
out at a number of British coal mines showed that there were significant intake 
dust levels in these mines (Bodsworth et al., 1993). 
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An USBM study (Sharan et al., 1997) concluded that each outbye dust source by 
itself may not be a major contributor, but the collective contribution of all outbye 
sources to the intake air at the beginning of the face can be significant, as much as 
80% of the Permissible Exposure Level (PEL) of 2 mg/m3 at the working face. 
 
An extensive airborne dust survey was carried out by the Directorate General of 
Mines Safety (DGMS) in twenty one Indian coal mines during 1991-1996 
(Ganguly, et al., 2000). Information relating specifically to the levels of district 
intake dust concentrations in Indian coal mines is summarized below in Table 7.1. 
The measurements were taken at the district intake (not section intake) and were 
measured using GDE-MRE 113A and AFC-123 dust samplers. 
 
Table 7.1: Summary of district intake dust levels from Indian coal mines 
 
Dust concentration Mining type 
Range, mg/m3 Mean, mg/m3 
Manual-Mine A 0.18-0.47 0.29 
Semi-Mechanized-Mine B 0.07-1.95 0.43 
Semi-Mechanized-Mine C 0.24-1.44 1.02 
Semi-Mechanized-Mine D 0.15-0.52 0.27 
Semi-Mechanized-Mine E 0.17-0.39 0.31 
Semi-Mechanized-Mine F 0.09-0.24 0.16 
Semi-Mechanized-Mine G 0.08-0.29 0.14 
Manual-Mine H 0.10-0.18 0.14 
Mechanized-Mine I 0.11-0.41 0.27 
Mechanized-Mine J 0.18-0.89 0.55 
Mechanized-Mine K 0.15-0.39 0.27 
Mechanized-Mine L 0.11-0.54 0.28 
Mechanized-Mine M 0.28-0.90 0.47 
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Manual-Mine N 0.10-0.37 0.18 
Semi-Mechanized-Mine O 0.11-0.34 0.23 
Manual-Mine P 0.11-0.39 0.21 
 
As we note from the above reported survey, the average district intake dust 
concentration for the different mines is 0.33 mg/m3 (16.3 % of the OEL of 
2 mg/m3). Similarly, Table 7.2 summarizes the recorded intake dust levels from 
various other mines overseas. 
 
Table 7.2 Summary of district intake dust levels from overseas mines. 
 
Mining type Country-mine Dust concentration, mg/m3 Source 
  Min. Max Avg.  
Longwall Poland-A 1.2 2.2 - Koziel et al., 1999 
 Poland-B 1.2 2.0 -  
 Poland-C 0.5 0.7 -  
Longwall Poland-D 2.2 4.5 - Koziel & Malec, 1998 
 Poland-E 5.5 9.5 -  
 Poland-F 0.5 0.7 -  
 Poland-G 1.5 1.8 -  
 Poland-H 0.7 1.0 -  
Tunnel USA-Yucca Mountain - - 0.6 Kissell et al., 1999 
Longwall USA-S1 - - 0.2 Mundell &Taylor, 1977 
 USA-S2 - - 0.8  
 USA-S4 - - 0.4  
 USA-S5 - - 1.5  
 USA-S6 - - 0.3  
 USA-S7 - - 0.2  
 USA-P1   0.4  
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 USA-P2   1.5  
 USA-P3   0.4  
CM Sections USA 0.3 0.8 - Tomb et al., 1978 
Longwall USA-Mine 1 - - 0.1 Page et al., 1982 
 USA-Mine 2 - - 0.6  
 USA-Mine 3 - - 1.8  
 USA-Mine 4 - - 0.6  
 USA-Mine 5 - - 0.3  
Longwall USA-A - - 0.24 Colinet et al., 1997 
 USA-B - - 0.25  
 USA-C - - 0.35  
 USA-D - - 0.25  
 USA-E - - 0.30  
 USA-F - - 0.33  
 USA-G - - 0.37  
 USA-H - - 0.35  
 USA-I - - 0.07  
 USA-J - - 1.10  
 USA-K - - 0.62  
 USA-L - - 0.59  
 USA-M - - 0.08  
CM Heading USA-Mine A - - 0.29 Sharan et al., 1997 
  - - 0.28  
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7.4 Intake Dust Levels in South African Mines 
 
This section of the thesis outlines the recorded section intake dust levels in the 
past (Table 7.3) and dust measurements that were carried out by the researcher 
over a period of 5 years (1998 to 2002) in several continuous miner (CM) and 
longwall sections (Table 7.4). 
 
Table 7.3 Summary of the recorded intake dust levels during 1990-1998 
 
Mining type Concentration, 
mg/m3 
Data Source 
CM Heading 3.5 mg/m3 (Mine-A) COM Report: 91/05 
 2.2 mg/m3 (Mine-A)  
 2.2 mg/m3 (Mine-B)  
CM Heading 1.9 mg/m3 (Mine-C) COM Report: 91/08 
 1.1 mg/m3 (Mine-D)  
 0.9 mg/m3 (Mine-E)  
Remote CM Heading 0.4 mg/m3 (Test-1) COM Report: 93/18 
 0.447 mg/m3 (Test-2)  
 0.134 mg/m3 (Test-3)  
AM85 Voest Alpine Heading 0.46 mg/m3 COM Report: 92/02 
 
With the introduction of gravimetric sampling in South Africa, a dust survey was 
carried out by the Chamber of Mines (Sullivan, 1991) in 29 CM production 
sections at three coal mines. It was assumed that the gravimetric dust samplers 
were operated according to the BMRC size-selective curve at a flow rate of 
1.9 L/min. This study showed that of all the readings, 13% were in excess of 
2 mg/m3, whilst 44% were below 1.0 mg/m3. Table 7.4 shows the summary of the 
sampled mines and the intake sample details in the past five years by the 
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researcher. 
 
Table 7.4: Summary of mines and details of section intake samples 
 
Mine Mining method No. of samples Average sampling time, mins 
A Bord and pillar 11 386 
B Bord and pillar 50 349 
C Longwall 4 350 
D Bord and pillar 13 378 
E Bord and pillar 96 308 
F Bord and pillar 48 310 
G Longwall 5 309 
H Bord and pillar 20 345 
I Bord and pillar 10 276 
 
The average sampling period of all section intake dust samples was 330 minutes. 
Figure 7.1 shows typical real-time section intake dust level monitored in an 
underground CM section for the sampling period. Similarly, the real-time dust 
level plots measured in various mines at the section intake position are shown in 
Appendix C. Dust measurements (240 samples) taken from different bord and 
pillar CM sections indicate that the average section intake dust level was 
0.78 mg/m3. Some of the high dust levels measured was due to the application of 
stone dusting during the beginning or in the middle of the shift. Also, the use of 
“double-heading” development coal sections may have contributed in increased 
section intake dust levels. The dust samples which were tainted by stone dust were 
nearly 4% of the total section intake dust samples and were usually greater than 
2.5 mg/m3. However, this could only be noted by time study or observation of dust 
filter after sampling and not merely by looking at the data. 
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Figure 7.1: Typical real-time dust levels at the section intake of a coal mine 
 
Figures 7.2 and 7.3 show the histogram plot of section intake levels from various 
bord and pillar and longwall sections. Table 7.5 shows the frequency distribution 
of section intake dust levels in coal mines. 
 
From the longwall dust measurements (9 samples) carried out, the section intake 
dust levels was 1.41 mg/m3. Figure 7.4 shows the contribution of section intake 
dust (approximately 14.7%) to the total longwall panel dust make. 
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Figure 7.2: Histogram of intake dust levels in bord and pillar CM sections 
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Figure 7.3: Histogram of section intake dust levels in longwall sections 
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Figure 7.4: Contribution of intake dust levels in a longwall face 
 
Table 7.5: Frequency distribution of section intake dust levels 
 
Dust level, mg/m3 Bord and Pillar Longwall Total 
 % Samples % Samples % Samples 
0 0.00 0.00 0.00 
0.25 11.74 0.00 11.33 
0.5 31.98 0.00 30.86 
1 29.96 0.00 28.91 
1.5 9.31 66.67 11.33 
2 8.91 33.33 9.77 
2.5 2.43 0.00 2.34 
3 2.43 0.00 2.34 
5 2.43 0.00 2.34 
More 0.81 0.00 0.78 
 
Table 7.6 shows the summary statistics of all the section intake concentration 
levels measured across various South African underground coal mines. 
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Table 7.6: Summary statistics of the intake concentrations 
 
Mine Statistic
 
A B C D E F G H I Overall 
Mean 1.475 0.717 1.426 1.315 0.509 0.783 1.399 1.862 2.522 0.898 
Minimum 0.365 0.109 1.177 0.814 0.101 0.246 1.076 0.621 0.373 0.101 
Maximum 3.748 4.215 1.793 2.650 1.788 1.907 1.733 3.262 6.755 6.755 
Samples 11 50 4 13 96 48 5 20 10 256 
 
A study of the literature reveals that there is no available information on dust 
levels in air drawn into the ventilation circuit of underground mine at the 
downcast shaft in coal mines. However, a recent SIMRAC health study (Naidoo et 
al., 2002) reported that the surface dust levels (Table 7.7) had a geometric mean 
(GM) of 0.25 mg/m3. The sampling position and type of dust samplers used were 
not reported in the study. 
 
Table 7.7: Summary statistics of the surface dust levels (Naidoo, 2002) 
 
Mean (mg/m3); SD; n Cycle 
Mine 1 Mine 2 Mine 3 
Round 1 0.35; 3.60; 2 0.04; 3.13; 2 1.23; 3.56; 5 
Round 2 0.06; 1.12; 2 - 0.07; 4.85; 5 
Round 3 0.63; 2.48; 4 0.29; 2.41; 4 0.03; -; 1 
Overall 0.31; 3.52; 8 0.15; 3.56; 6 0.24; 7.69; 11 
 
The calculated geometric means of the overall surface samples from Mine 1, Mine 
2 and Mine 3 were 0.31 mg/m3, 0.15 mg/m3 and 0.24 mg/m3 respectively. In any 
event, the minimum measured surface level (0.03 mg/m3 at Mine 3) was above 
1 % of the OEL of 2.0 mg/m3. 
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In South Africa, with the recent promulgation of dust regulations (See 
Chapter 2.10) and the collected section intake results in the past five years, it can 
be concluded that any “definable” place in an underground mine needs to be 
sampled on a much more frequent basis than heretofore. 
 
7.5 Intake Dust Concentration as DELI Parameter 
 
Apart from the dust measurement studies reported in this chapter, little or no 
information is available with regard to the section intake levels in South Africa. 
Also, the use of intake dust levels in exposure assessment or as an information 
tool to infer dusty conditions is not being practiced. However, the measurements 
carried out in various mines during the past five years by the researcher suggests 
that due attention is needed in the area of effective control of section intake dust in 
order to reduce the worker exposure. The intention of the exercise is to effectively 
transfer the intake concentration results into the DELI (Dust Exposure Level 
Index) model as a parameter for use by the mine risk assessors, ventilation 
officers, risk managers to protect the workers from over exposure to dust. 
 
From this study we note that approximately 60% of the intake samples were above 
0.5 mg/m3 (or 25 % of the OEL limit of 2 mg/m3) for the sampling period. The 
incidence of high levels of dust at the section intake undermines the effectiveness 
of the dust control systems within the section. The section intake dust levels will 
supplement the levels of dust generated at the face and this means that additional 
effort is required to control the exposure to dust. Provided there is proper 
maintenance of the intake roads, containing the dust at the belt transfer points will 
reduce the dust re-entrainment into the fresh air intake. 
 
The levels of dust in the fresh air of a coal mine section can be an indirect 
indicator of exposure of workers to dust in the mining environment. Regardless of 
the production in the coal mine section, the workers will be exposed to this ‘base’ 
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intake coal dust exposure whilst underground. Therefore it is possible to use this 
as a parameter of dust exposure level index for outbye workers and as a quick 
exposure risk assessment tool. In South Africa, there is no dose-response curve for 
CWP and use of overseas developed dose-response curve is strictly incorrect. 
Furthermore, it was noted that the average age and number of years spent in coal 
mines is not known. Unofficial source suggests that a maximum of 20 years is 
being spent by South African mine workers in coal mines. Based on the previous 
exposure-response study by Attfield and Seixas (1995), probable development of 
CWP among SA coal mine worker for various levels of section intake dust levels 
for a maximum of 15 years being spent in medium/low bituminous coal mines are 
estimated and shown in Table 7.8 (Excel based prediction model using Attfield 
and Seixas (1995) is developed and attached in Appendix-C). It should be noted 
that these predictions should be treated with some caution as indicated by Attfield 
and Seixas (1995). In the absence of critical parameters of South African workers 
for the model, it is unwise to judge the approach taken in this Chapter to indicate 
the risk using overseas work. 
 
Table7.8: Predicted prevalences (%) of CWP 1+, CWP 2+, and PMF at Age 
40 years After 15 years Exposure to various Intake Dust Levels in Low-
Medium Rank South African Coal mine (based on Attfield and Seixas, 1995) 
 
 
 
 
A NIOSH report (1995) suggested that the risk estimate below 0.5 mg/m3 would 
be based on extrapolation beyond the range of the exposure-response data and 
would carry considerable uncertainty. Therefore, for all practical purposes, a shift 
fresh intake air concentration of 0.5 mg/m3 (25 % of OEL) is recommended as an 
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acceptable ‘good’ level of dust in the fresh air intake (although lower levels must 
be pursued for a better environment). 
 
The description of intake dust levels of 0.5 mg/m3 as “good” is based on practical 
feasibility and health effects data from overseas work. However, the acceptable 
level of 0.5 mg/m3 does not ensure that the coal mine worker at this exposure level 
would be protected with a ‘zero’ risk of developing CWP. It must be borne in 
mind that intake dust level is a base to the mine worker exposed to dust without 
carrying out any additional work in the section. 
 
In order for the effective use of this information, a matrix has been developed 
(Table 7.9) and discussed hereafter. The contents are based on the section intake 
dust concentration for an 8-hr period and the exposure degree are marked for the 
respective concentration zones as shown in Figure 7.5. Based on the intake 
concentration values the plot is divided into A, B, C and D categories in order for 
its use in DELI. 
 
Table 7.9: Intake dust concentration levels as dust exposure level index 
 
Concentration  Concentration zone Color Exposure degree Description 
< 0.5 mg/m3 A Green I Good 
0.5 to 1.0 mg/m3 B Yellow II Poor 
1.0 to 1.5 mg/m3 C Orange III Worse 
1.5 to 2 mg/m3 D Red IV Unacceptable 
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Figure 7.5: Use of the intake dust concentration parameter as DELI 
 
7.6 Summary 
 
This chapter summarizes the intake dust levels measured in selected South 
African underground coal mining sections over the past five years and its use as an 
index of worker exposure to dust. This study has also gathered information on 
intake dust levels from various other countries. There is little or no reported 
information on the levels of fresh air intake dust levels. Based on the measured 
data of the South African coal mines, the average section intake dust level was 
0.80 mg/m3. Approximately, 60 % of the samples collected for the study have 
exceeded the 0.5 mg/m3 limit. This high level of intake concentration brings into 
question the validity of the authorities using “zero” dust load for the non-sampling 
period of a shift for calculation purposes. Also, the intake concentration level 
measured at the longwall face was much higher than in the CM headings. 
 
The measured section intake dust levels furnish the South African coal mining 
industry with the latest depiction of the level of face area particulate 
contamination due to the intake air. The intention to use intake dust levels as an 
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exposure level index is that it clearly plays a role as a corner stone in effective 
control of exposure to face area respirable dust. The intake dust concentration 
level can be used as an index in exposure assessment indirectly as it contributes in 
the section face area concentration. It must be borne in mind that intake dust level 
is a base to the mine worker exposed to dust without carrying out any additional 
work in the section. If the intake air is seriously contaminated by airborne 
respirable dust; then the exposure of the workforce in the section will constantly 
be elevated by that background dust level. This intake dust level parameter in an 
overall DELI tool is recommended for dust exposure level monitoring by the 
entire industry viz., mine environment officers, occupational hygienists and mine 
management. 
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Chapter 8 Return Dust Concentration Levels 
8.1 Return Air 
 
Return air quantity and quality in an underground mine section is an important 
barometer of both ventilation effectiveness as well as the environmental control 
systems in place in the section. This barometer can be effectively used to monitor 
the occupational health and safety of workers in the mine. Return air also 
represents the ineffectiveness of the dust control systems to suppress or dilute the 
dusty air in the section. 
 
From a explosion control point of view high return air dust concentrations indicate 
the possibility of a large amount of dust being deposited in the return way, thereby 
aiding the catastrophe in the event of an explosion. The return dust concentration 
can be reduced through increased ventilation quantity in the section and an 
effective dust suppression system. With the focus of attention in this thesis on 
engineering sample monitoring, and in effect reducing the dust levels in the face 
area, scant attention was given to identify if the dust has been effectively 
suppressed or is just diluted in the face area. 
 
Therefore, careful and systematic monitoring of the return air dust concentration 
would give the mine operator the possible exposure levels of workers carrying out 
their duties downwind of the continuous mining operation. Therefore, the return 
dust concentration level is used as a parameter, which can be effectively used 
indirectly in estimating the exposure levels of workers downwind of the face area 
and also monitor “suppression effectiveness” of the dust control system in the 
section. The information will also inform the section management regarding 
strategic aspects of controlling the dust in the section. 
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8.2 Return Dust Levels 
 
The history of return dust measurement originates from the United Kingdom. In 
1970, the standard average dust concentrations set by NCB for longwall coal faces 
in UK for an 8-hr working shift was 8.0 mg/m3, based on measured dust 
concentrations and progression of CWSP (Jacobsen et al., 1971). In 1977, the dust 
standard for British mines was reduced to 7.0 mg/m3, measured at a fixed point 
(70 m from the face) in the return roadway of longwall faces. Most of the coal 
mines in UK are longwall mines. 
 
To assess the dust conditions at the workplaces in the face, measurements were 
carried out using fixed-point sampling located in the return airways approximately 
70 m behind the face. The reason for this choice of location was that the results 
are no longer influenced by the coarse dust or the unequal distribution of the 
respirable dust in the air. Measurements are taken at monthly intervals for a 
sampling period corresponding to the time the miners stay at the workplace. At 
values less than 5.0 mg/m3 one measurement per month was sufficient. At values 
greater than 8.0 mg/m3, the average value has to be calculated from up to five 
subsequent measurements in one week. The partial deposition of dust between the 
face and the measuring point is accounted for by correction factors. Application of 
the same correction factors worldwide and in South Africa can be questionable 
due to operating parameters. The development of similar correction factors in 
South Africa requires different (e.g., multiple or single return airways, velocity 
etc.,) sets of factors for bord and pillar and longwall mines. 
 
However, the use of the information collected on the measured return 
concentration levels can be effectively used for exposure assessment purposes. In 
the 1980s, results derived from extended research through measurement in the 
return dust concentration levels in UK longwalls confirmed the earlier dose-
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response curve with a small underestimate of risk at lower concentrations (Hurley 
et al., 1982). 
 
8.3 Return Dust Levels in Overseas Mines 
 
Research data on return dust levels was found from the literature overseas. Some 
of the data found in the reports does not give details of sampling period or the 
location for measured return dust levels. 
 
An extensive airborne dust survey was carried out by the Directorate General of 
Mines Safety (DGMS) in twenty one Indian coal mines during 1991-1996 
(Ganguly, et al., 2000). Information relating specifically to the levels of district 
return dust levels are summarized below in Table 8.1. 
 
Table 8.1: Summary of recorded district return dust levels from Indian mines 
(Ganguly, et al., 2000) 
 
Mining type Dust Concentration 
 Range, mg/m3 Mean, mg/m3 
Manual-Mine A 0.21-0.56 0.35 
Semi-Mechanized-Mine B 0.30-2.57 0.88 
Semi-Mechanized-Mine C 0.35-2.73 1.72 
Semi-Mechanized-Mine D 0.21-1.17 0.63 
Semi-Mechanized-Mine E 0.41-0.85 0.65 
Semi-Mechanized-Mine F 0.34-1.52 0.90 
Semi-Mechanized-Mine G 0.10-0.36 0.20 
Manual-Mine H 0.29-0.38 0.34 
Mechanized-Mine I 0.41-0.76 0.54 
Mechanized-Mine J 0.40-1.01 0.76 
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Mechanized-Mine K 0.29-0.92 0.61 
Mechanized-Mine L 0.33-1.06 0.64 
Mechanized-Mine M 0.43-1.47 0.75 
Manual-Mine N 0.14-1.09 0.56 
Semi-Mechanized-Mine O 0.15-0.87 0.37 
Manual-Mine P 0.14-0.79 0.51 
 
As we note from the above survey, the average district return dust concentration 
for the different mines is 0.65 mg/m3 (32.5% of the OEL of 2 mg/m3). Table 8.2 
summarizes the recorded return dust levels from various mines overseas. 
 
Table 8.2: Summary of recorded return dust levels from overseas mines 
 
Mining type Country-mine Dust concentration, mg/m3 Source 
  Max Avg.  
Longwall Poland-A 18.5 11.2 Koziel et al., 1999 
 Poland-B 6.2 3.1  
 Poland-C 12.6 8.5  
 Poland-D 130.0 75.0 Koziel & Malec, 1998 
 Poland-E 56.0 35.0  
 Poland-F 56.0 31.0  
 Poland-G 6.5 5.2  
 Poland-H 67.0 11.2  
Longwall* USA-A - 0.96 Colinet et al., 1997 
 USA-B - 1.72  
 USA-C - 3.27  
 USA-D - 2.05  
 USA-E - 2.70  
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 USA-F - 3.7  
 USA-G - 3.16  
 
USA-H - 3.51 
 
 
USA-I - 2.16 
 
 
USA-J - 5.64 
 
 
USA-K - 2.91 
 
 
USA-L - 3.91 
 
 
USA-M - 10.04 
 
* Tailgate concentration 
 
The calculated average district return dust level for all the recorded Indian coal 
mines was roughly twice (1.97) the district intake dust level (See Table 8.3). The 
average intake and return dust levels measured in 13 US longwall mines was 
0.38 mg/m3 and 3.52 mg/m3 respectively. Therefore the calculated average return 
dust level for all the recorded US longwall mines was roughly nine times (9.32) 
the dust level measured in the intake (See Table 8.3). 
 
Table 8.3: Comparison of intake and return dust levels from Indian and US 
coal mines (Ganguly, et al., 2000 and Colinet et al., 1997) 
 
Dust concentration, mg/m3 Country Mining type 
Intake Return 
India Manual-Mine A 0.29 0.35 
 Semi-Mechanized-Mine B 0.43 0.88 
 Semi-Mechanized-Mine C 1.02 1.72 
 Semi-Mechanized-Mine D 0.27 0.63 
 Semi-Mechanized-Mine E 0.31 0.65 
 Semi-Mechanized-Mine F 0.16 0.90 
 Semi-Mechanized-Mine G 0.14 0.20 
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 Manual-Mine H 0.14 0.34 
 Mechanized-Mine I 0.27 0.54 
 Mechanized-Mine J 0.55 0.76 
 Mechanized-Mine K 0.27 0.61 
 Mechanized-Mine L 0.28 0.64 
 Mechanized-Mine M 0.47 0.75 
 Manual-Mine N 0.18 0.56 
 Semi-Mechanized-Mine O 0.23 0.37 
 Manual-Mine P 0.21 0.51 
USA 
Longwall-A 
0.24 0.96 
 Longwall-B 
0.25 1.72 
 Longwall-C 
0.35 3.27 
 Longwall-D 
0.25 2.05 
 Longwall-E 
0.30 2.70 
 Longwall-F 
0.33 3.7 
 Longwall-G 
0.37 3.16 
 Longwall-H 
0.35 3.51 
 Longwall-I 
0.07 2.16 
 Longwall-J 
1.10 5.64 
 Longwall-K 
0.62 2.91 
 Longwall-L 
0.59 3.91 
 Longwall-M 
0.08 10.04 
 
8.4 Return Dust Levels in South African Mines 
 
Unlike the coal mines in UK, the measurement of section return concentrations is 
not carried out in the South African mines. The dust measurements carried out in 
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this study in various mines suggests that the data can be effectively used in 
monitoring the section environment in the mines. An important observation is 
made from the data that careful study of the data is necessary especially for very 
high concentrations in CM sections. These high levels (> 10 mg/m3) are possibly 
due to the stone dusting of the section according to the regulations. 
 
This section outlines the recorded section return dust levels in the 90’s and dust 
measurements that were carried out for this study over a period of 5 years (1998 to 
2002) in the several continuous miner (CM) and longwall sections.  A dust survey 
was carried out by the Chamber of Mines in 1993 in a remote CM heading (COM 
report 93/18) indicated that the measured average return dust level for the three 
tests was 10.05 mg/m3. 
 
In the past five years (1998-2002), through SIMRAC dust research projects, 
various South African coal mines with both CM sections and longwall sections 
were monitored for section return dust levels. The measured section return real-
time dust level plots from various mines are shown in Appendix B1 to B8. The 
average sampling period of all section return dust samples was 336 minutes. 
Section return dust measurements taken from different bord and pillar CM 
sections indicate that the average return dust level for the sampling period was 
2.36 mg/m3. Figure 8.1 show the histogram plot of section return dust levels from 
various bord and pillar sections. 
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Figure 8.1: Histogram of return dust levels in bord and pillar CM sections 
 
Some of the high dust levels measured were due to the application of stone 
dusting during the beginning or in the middle of the shift. The dust samples which 
were tainted by the stone dust were nearly 4% of the total section return dust 
samples collected and were usually significantly greater than 2 mg/m3. 
 
However, the presence of stone dust can only be noted by time study or 
observation of dust filter after sampling and not merely by looking at the supplied 
data. Similarly, from the longwall dust measurements carried out, the section 
return dust levels was an average of 13.05 mg/m3. Figure 8.2 show the histogram 
plot of section return dust levels from two longwall sections. It can be seen that 
approximately 75 % of the measured dust levels in CM sections were below 2 
mg/m3. Similarly, over 90 % of the measured dust levels in longwall return were 
greater than 2 mg/m3. Table 8.4 shows the frequency distribution of section return 
dust levels in coal mines. 
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Figure 8.2: Histogram of section return dust levels in longwall sections 
 
Table 8.4: Frequency distribution of section return dust levels 
 
Dust level, mg/m3 Longwall CM Total 
 % Cumulative samples 
0 0.00 0.00 0.00 
0.25 0.00 2.65 2.54 
0.5 0.00 12.98 12.43 
1 6.67 41.30 39.83 
1.5 6.67 59.88 57.63 
2 6.67 74.04 71.19 
2.5 13.33 83.48 80.51 
3 26.67 87.32 84.75 
5 40.00 96.46 94.07 
More 100.00 100.00 100.00 
 
In general, we observe that return dust levels were on average greater than 
2 mg/m3. Longwall dust control is still a problem area based on the return dust 
levels where section return dust levels are approximately six times the CM dust 
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levels indicating poor dust control systems on the shearer. It must be noted that, 
unlike in the past, in the existing operating coal mines workers generally do not 
spend any time in the section return. The return dust concentration can be easily 
monitored using real-time fixed point or area monitors (where the movement of 
machinery is limited) and requires limited human intervention. 
 
8.5 Return Air Dust Concentration as DELI Parameter 
 
The intention on the use of return air dust level data as a parameter in DELI model 
is to inform the mine risk assessors and risk managers to protect the workers from 
over exposure to dust as well as to encourage effective control of face area dust. 
Although there are no workers in the section return in a CM section, return dust 
levels indicate the efficiencies of the dust control systems in the coal face and the 
section ventilation effectiveness. In order for effective use of this information, a 
matrix has been developed (Table 8.5) and discussed hereafter. The contents are 
based on the section return dust concentration for an 8-hr period and the exposure 
degree is marked for the respective concentration zones as shown in Figure 8.3. 
Based on the return air concentration values, the plot (Figure 8.3) of return dust 
sample and concentration levels is divided into A, B, C and D categories in order 
for its use in DELI. 
 
Table 8.5: Return dust concentration indicator model for dust exposure levels 
 
Concentration  Concentration 
zone 
Color* Exposure 
degree 
Description 
< 2 mg/m3 A Green I Good 
2 to 4.0 mg/m3 B Yellow II Poor and unacceptable 
4.0 to 6.0 mg/m3 C Orange  III Worse and unacceptable 
6.0 to 8.0 mg/m3 D Red IV Unacceptable 
* Intention of colour coding is two fold., viz., literacy standards in South African mining population is very 
low and comprehension of statistics and their meaning is virtually unknown. DELI colour coding 
designations enable the uneducated workforce who can understand the meaning of different colours. 
Obviously only ‘Green’ is acceptable to work underground. 
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Figure 8.3: Use of the return dust concentration parameter in DELI 
 
8.6 Summary 
 
This chapter summarizes the section return dust levels measured in the South 
African underground coal mining sections over the past five years and its use as an 
index of worker exposure to dust. This study also gathered section return dust 
levels from various other countries. There is little or no reported information on 
the levels of return dust. Based on the measured data of the South African coal 
mines, the average section return dust level was greater than 2.0 mg/m3. Longwall 
section return dust levels are approximately six times the CM dust levels 
indicating poor dust control systems on the machines. 
 
The intention to use the return dust levels is that they are the clear indicators of the 
exposure levels of the section workers to coal dust, effectiveness of the ventilation 
system to dilute the airborne dust and dust-control system’s effectiveness. The 
return dust concentration can be easily monitored using fixed point samplers 
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(where the movement of machinery is limited) and requires less human 
intervention and is an easy to use parameter in exposure assessment. The return 
dust level parameter in an overall DELI tool is recommended for dust exposure 
level monitoring by the entire industry viz., mine environment officers, 
occupational hygienists and mine management. 
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Chapter 9 Use of Particle Size in Exposure 
Assessment 
9.1 Introduction 
 
This topic is worthy of a research study in its own right. Since the author had 
access to particle size distributions for a few (four) samples-a preliminary view on 
the effects of particle size is presented here. This chapter attempts to evaluate the 
use of coal dust “size” as a parameter in assessing exposure levels based on its 
known health risk. The effect of very fine particle size in the sampled respirable 
dust, and its probable health impact upon exposure, are addressed in this chapter. 
As stated in the literature (Chapter 2), the potential effects of dust depend on its 
characteristics, such as toxicity, particle size, concentration in the air and, in the 
case of worker exposure, the duration of such exposure. The intention of this 
chapter of the research study is not to advocate ‘size’ or ‘surface area’ or ‘number’ 
as a replacement parameter to concentration (mg/m3) in coal dust exposure 
assessment but as an investigation into the presence of fine particles in the 
sampled dust. 
 
With recent advances in size characterization technology, the use of particle size 
in assessing the severity of the exposure on health is slowly becoming a reality 
(Maynard, 2002). The information obtained from past studies indicate that certain 
coal types, for example anthracite coal, tend to produce more sub-micron particles 
than softer low rank coals (Thakur, 1973). Also, the influence of very fine 
particles on health is gaining greater attention from researchers and the public. 
Therefore, the percentage of dust in the fine particle size can be used as a possible 
parameter of assessment in the DELI and that is discussed hereafter. 
 
In 1959, the Johannesburg International Conference on Pneumoconiosis 
“specifically” recommended that the mass concentration of respirable dust was the 
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best single descriptive parameter to measure in order to assess the hazard of 
pneumoconiosis from coal dust; for quartz dust the surface area of respirable 
particles was thought to be the best parameter to measure and that measurement of 
the dust hazard should extend over a full work shift (Beadle, 1965). Until 1990, 
respirable dust was measured in terms of the number of particles per unit volume 
using a microscope count method, a technique which is subject to considerable 
statistical and sampling errors. In the earlier years, a konometer was used for 
routine sampling, which provided a measure of the number concentration of the 
dust, i.e., it gives the result in particles per cubic centimetre (ppcc). In 1965, the 
diffraction size-frequency analyser (DISA) was introduced for a quicker surface 
area measurement for the entire particle size range (Talbot, 1965). 
 
Latest toxicology studies indicating health effects associated with low-solubility 
inhaled particles may be more appropriately associated with surface area than 
mass and this warrants further investigation (Maynard, 2002). Such studies require 
exposure data on surface area of inhaled particles estimated from particle number 
and mass concentration using readily available direct-reading instruments. In the 
early years, calculation of surface area was expensive and time consuming due to 
the laborious nature of the electron microscopic techniques. It is essential that any 
dust evaluation technique of value should be sufficiently rapid to keep abreast of 
these developments. With the development in size-characterization instruments, it 
is possible to characterize the respirable dust collected using gravimetric methods. 
Also, the information will enable to determine if the samples which are non-
compliant according to current standards (mg/m3) are influenced by non-respirable 
dust samples. For example, MSHA in the USA re-assesses the non-compliant coal 
dust samples for the presence of non-respirable particles to investigate the 
influence of larger particles on dust mass. This can be attributed to the fact that the 
mass of a particle is proportional to the cube of its size so that the mass of even a 
small number of larger, non-respirable particles would be significant in a 
respirable sample. 
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9.2 Underground Respirable Sample Size Distribution 
 
The importance of and use of dust size as an indirect exposure and health risk 
assessment parameter is described hereafter using size distribution data from four 
underground respirable coal samples. The respirable dust samples were collected 
from an underground CM section. The mass of dust collected on the filter was 
determined using sample time and flow rate. The particle size distribution of the 
respirable coal dust collected was carried out using a Fritsch Size Analyser (FSA) 
at the CSIR Miningtek laboratory. The operating principle of the FSA is based on 
the laser diffraction technology (Fraunhofer and/or Mie theory) and is similar to 
Micro Trac size analysers used in USA. The drawback of the existing FSA is that 
it needed a large mass of dust sample for size analysis. Therefore it precluded 
sample levels below 2.0 mg/m3 limit or sample mass below 2 mg. However, an 
attempt was made using the limited data to evaluate the importance of particle size 
and its possible use as a parameter in exposure assessment. 
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Figure 9.1: Frequency distribution of respirable dust samples of various dust 
concentration 
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For the calculation of surface area, the dust particles are considered as “spheres.’ 
The relationship between particle size, number of particles, and calculated surface 
area of the four respirable dust samples is summarised in Tables D1and D2 
(Appendix-D) and plotted in Figures D1 and D2 (Appendix-D). Figure 9.1 shows 
the frequency mass distribution of dust samples of different dust concentration 
levels. 
 
The size analyses of the dust samples indicate that they show a bi-modal size 
distribution. Possible reasons can be attributed due to the multiple dust generating 
mechanisms in the mine or may be due to the presence of LHDs. From the plots 
we notice that although the operation is similar (i.e., coal cutting by the CM in the 
face area), it is observed that a different ‘trend’ exists in the frequency distribution 
of the dust samples collected on different days. Apportionment of airborne 
respirable particulates will vary depending on the top cut-off size, characteristics 
of airborne dust, the dust measurement instruments, characteristics of the mineral 
being mined, and the cutting mechanism as well as the rate of ventilation among 
other factors. In other words, the apportionment numbers are very site-specific. 
However, due to the few dust samples and instrument limitations, it was difficult 
to estimate the "average size distribution" of respirable dust during the coal cutting 
operation. 
 
Table 9.1 summarizes for each dust sample, the calculated mass of non-respirable 
particles (>10 µm) and fine particles (below D50 of 4 µm in accordance with the 
new ISO/CEN/ACGIH size–selective curve) in relation to the dust mass on the 
filter and calculated effective respirable dust concentration levels. Adjusted 
respirable dust level was calculated based on the mass of particles below 10 µm 
(excluding particles greater than 10 µm in the collected dust sample) for the same 
sampling period and flow rates. 
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Table 9.1: Size analyses of the sample dust mass and effective respirable 
sample concentrations 
 
Sample 
# 
Dust level, 
mg/m3 
Particles > 10 µm, 
mg 
Particles 
< 4 µm, mg 
Effective dust 
level, mg/m3 
1 2.37 0.238 1.407 2.046 
2 3.89 0.000 2.250 3.890 
3 5.56 1.015 1.794 3.653 
4 5.62 1.141 1.534 3.475 
 
Studies have shown that when inhaling fine particles they present a much larger 
surface area that can interact with the scavenger cells in the lungs. Therefore, for 
very fine particles, it can be suggested that the total surface area of inhaled 
particles may also be an appropriate measure. Therefore, this limited study 
suggests that the mass concentration may not be the ‘only way’ of best describing 
the exposure to insoluble dusts over such a wide size range and its health impacts. 
While, surface atmosphere studies show the high impact of fine particles, there is 
no study clearly indicating the impact of very fine coal particles on mine workers. 
 
The information on the presence of ‘fine’ particles can be of use for assessment by 
estimating the total surface area of the sampled dust. The estimated “total surface 
area” of the dust samples collected shows a very different picture. From the size 
analyses data, the calculated total surface area of respirable dust (<10 µm) for dust 
concentrations of 2.37 mg/m3, 3.89 mg/m3, 5.56 mg/m3 and 5.62 mg/m3 are 
2.48 m2, 3.76 m2, 2.35 m2 and 2.75 m2 respectively. It is interesting to note from 
the calculations that there is no clear relationship between the concentration and 
total surface area of respirable dust. However, when the parameter of “total 
surface area” of respirable dust is used as the criteria for assessment, the low 
concentration levels show a larger surface area than the high concentration levels. 
This indicates that the current use of “mass” parameter may not truly reflect the 
unrecognised (in the mining industry) health impact to coal workers due to fine 
particles present in the working area, i.e. a low dust concentration level may have 
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larger surface area due to the presence of very fine particles than a higher dust 
level with small percentage of fine particles. In other words concentration alone 
may not truly show the influence of fine particles. 
 
9.4 Summary 
 
The focus of this chapter is to understand the knowledge on particle size, surface 
area and concentration data to effectively estimate the dust exposure and probable 
health impacts to workers. The task was carried out by size analyses of coal dust 
samples. The proposed particle size parameter is based on the hypothesis that the 
worker who is exposed to high percentage of fine particles is at a greater health 
risk than the one who is exposed to low percentage of fine particles (Stone and 
Donaldson, 1998). 
 
As we observe from the plots that dust concentration in itself may give an 
ambivalent picture in terms of using the limit and the conclusion of “safe working 
environment.” From the calculation of total surface area of respirable dust, it is 
noticed that despite one achieving lower dust concentration levels, the parameters 
such as total surface area and number of fine particles could be a risk of much 
greater magnitude than is the case of high dust concentrations. There is also now a 
lot of interest in the effect of particulate air pollution on cardiovascular disease, 
and this seems much more likely to relate to surface area or number than mass 
(Ogden, 2002). 
 
Due to the lack of state-of-the-art size characterization instruments, and the 
limited number of samples used, the study recognizes that the conclusions 
obtained on the “size” parameter cannot be used in the DELI model. Therefore, 
this research study recommends future work to determine the finger-print of "total 
surface area" of compliance respirable coal samples collected underground at 
various dust generating sources. With the advent of improved and faster size 
analysing equipment, mine ventilation engineers and occupational hygienists can 
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make use of a parameter such as surface area in assessing the worker exposures 
depending on the amount of fine respirable particles present in the dust samples. 
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Chapter 10 Coal Production and Dust Levels 
10.1 Dust Generation and Dust Production 
 
Coal dust is a by-product of the coal cutting operation. As the cutting rate 
increases, the fine dust produced also increases. However, the rate at which the 
fine dust is produced depends on the coal characteristics and the method of cutting 
and cutting tools used during the process, from hand tools to semi-mechanized 
coal cutting to total mechanization. 
 
The size distribution of the generated dust is never fixed nor will it remain the 
same for each type of cutting. Also, the amount of dust generated and the fraction 
of it becoming airborne are not conclusive. This is influenced greatly by the dust 
control systems and auxiliary ventilation system used in the face area of a coal 
heading. Therefore, mine management must be able to plan the dust control 
system and continuously maintain the dust control system and the operation of the 
auxiliary ventilation parameters. However, such planning is expected to cover the 
maximum production expected during a shift. 
 
In recent years, production of coal appears to have been the utmost priority due to 
the changing expectations of the shareholders. This increased expectation in 
production required greater attention towards the environment management of 
individual mines. Therefore, production is considered as an important parameter 
in the exposure assessment of the workers in a bord and pillar section of an 
underground coal mine. 
 
10.2 Coal product size analysis in a South African coal 
mine 
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Dust is generated during the coal cutting operation. In order to quantify the 
product size, with the assistance of the CM operator, coal product samples at the 
face, for both the sumping and shearing cutting processes and for both the high-
speed (50 rpm) and slow-speed (37 rpm) drum rotation systems were collected 
(Belle, 2001). It was decided to collect the samples at the face (before reaching the 
gathering arms and flight chain of the CM) instead of at the loading conveyor or 
the feeder-breaker. Two samples (one sump and one shear) were collected during 
the high-speed CM drum rotation (50 rpm) and four samples (two sump and two 
shear) during the slow-speed CM drum rotation (37 rpm) on two different test 
shifts. For both test speeds, product size is applicable to a four inch (100 mm) 
lacing on the CM drum. Coal product size was analysed in the CSIR Miningtek 
laboratory. Figures 10.1 and 10.2 show the product size distribution, on a 
cumulative percentage basis, for the six coal product samples collected in this 
way. 
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Figure 10.1: Coal product size analysis of the sump and shear samples during 
the high-speed (50 rpm) drum rotation cut 
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Figure 10.2: Coal product size analysis of the sump and shear samples during 
the slow-speed (37 rpm) drum rotation cut 
 
As we observe from Figure 10.3, the percentage of finer coal product size 
collected during the two different shifts varies considerably with the same drum 
rotation speed. This indicates that, apart from the speed of the CM drum rotation, 
external factors at the time of cutting may have an influence on the amount of 
fines produced. The sample collected at the face area may be a better reflection of 
the fines generated than the samples collected at any other position in the section 
such as feeder breaker or after the flight conveyor of the CM. 
 
From the size analysis data on two samples from sumping and shearing cuts, we 
infer that during the slow-speed drum rotation cut, there was no significant 
difference between the fines (< 6.7 mm) produced during sumping and shearing. 
However, during the high-speed drum rotation cut, the shearing cut produced 
approximately 5% more fines (< 6.7 mm) than the sumping cut. Figure 10.7 shows 
the combined results of the coal product size analysis for the samples collected 
during both the high-speed and slow-speed drum rotation cuts. From the plot we 
observe that during the high-speed shearing operation, more fines were produced 
than with the slow-speed drum rotation. As the coal samples were taken at the face 
area, the results show a remarkable conformity in terms of the amount of coal 
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fines produced. Approximately 14.88% and 13.77% of the product was found to 
be 2.36 mm and finer for the slow-speed and high-speed CM drum rotations, 
respectively. Overall, there is no significant difference in the coal sample fines 
generated (< 9.5 mm and 6.7 mm) in the face area during the high-speed and slow-
speed drum rotations. Nevertheless, judging from the six independent sets of 
samples collected, there is a fair indication that the high-speed shearing action 
produces more fines than the slow-speed drum rotation. 
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Figure 10.3: Comparison of coal product size analysis of the sump and shear 
samples during high-speed and slow-speed cutting 
 
 
Interestingly, the percentage of finer coal product size collected during the two 
consecutive shifts at the same workplace with the same CM operator varied 
considerably, despite the same drum rotation speed being used. This indicates that, 
apart from the speed of the CM drum rotation, external factors such as coal seam 
characteristics at the time of cutting, operator inconsistency, etc., may have an 
influence on the amount of fines produced. During slow-speed and high-speed 
drum rotation, the CM operator and the shift work force remained the same. 
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Laboratory studies overseas have indicated that the depth of cut is the most 
dominant factor in dust generation and the underground study did not address it 
due to practical reasons. The differences in generation of product size in the 
respirable dust range using two different drum rotational systems could not be 
determined in the laboratory. Finally, the results show that when one gets to 
product analysis and considering the scale of machine size underground, some of 
the laboratory findings are over ridden by other, external factors. 
 
10.3 Production and Airborne Respirable Dust (ARD) 
Levels 
 
In order to evaluate the relationship between the dust levels and production during 
the shift, several coal sections operating with different dust control systems were 
monitored and extensive data was also gathered from the mines. Figures 10.4 to 
10.7 show the plot of production levels and measured ARD dust concentration 
levels in various mines. 
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Figure 10.4: Relationship between production and ARD levels (personal) 
in longwall Mine A 
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Figure 10.5: Relationship between production and ARD levels (personal) in a 
bord and pillar Mine B 
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Figure 10.6: Relationship between production and engineering ARD levels in 
a bord and pillar Mine C 
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Figure 10.7: Relationship between production and engineering ARD levels in 
a bord and pillar Mine D 
 
As we observe from the plots that there is no conclusive relationship between the 
coal production and ARD levels (personal or engineering concentrations). Despite 
the lack of clear evidence in terms of production/shift and concentration levels, the 
following holds true. In the coal mining industry, there are various types of cutting 
machines that can generate various fractions of respirable dust during coal 
production. In order to control the respirable dust and reduce worker exposure 
levels, various dust control systems are used. As discussed in Chapter 5 the dust 
control system type has a pronounced effect on measured dust levels in the mines. 
Therefore, the following conclusions can be made in order to use production as a 
parameter in estimating dust exposure levels. 
 
The capture efficiency of any dust control system is not one hundred percent at 
any given time. During any cutting process for a given time and dust control type, 
part of the escaped respirable dust is added to the coal face atmosphere through air 
re-circulation. Therefore, with an increase in coal cutting rate for a given 
production shift, the respirable dust level has to increase. The intensity of dust 
exposure therefore varies with the type of dust control system. Therefore, the 
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production can be used as an administrative control parameter in reducing face 
worker exposure to dust. 
 
With the aid of section ventilation, the dust exposure can be further reduced 
depending on the availability of fresh ventilating air to dilute the re-circulated 
dust. Since the exposure levels are directly related to the coal production and 
efficiency of the total dust control system, the exposure levels increase with an 
increase in coal production and can be expressed as below: 
 

=
+=
480
0t
rap EEE     (10.1) 
Where, 
 
Ep = Effective personal dust exposure levels in the section, mg/m3 
Ea = Personal dust levels due to coal production alone, mg/m3 
Er = Dust levels due to the escaped dust based on the efficiency of the 
dust control system, mg/m3 
 
The determination of escaped dust levels in coal mines which use a wide variety 
of dust control systems is extremely complex and no quantitative index is known 
and would need to be developed. The worker exposure to respirable dust in a 
section can be expressed as a function as shown below: 
 
Ea = ƒ(Em, JD, Es, Eo, Eppe)   (10.2) 
Where, 
 
Ea = Dust exposure levels during coal production 
Em = Dust generation levels during coal production 
JD = Job description of the worker at the face/section 
Es = Efficiency of the dust control system type 
Eo = Dust exposure levels from other sources in the section 
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Eppe = Efficiency of the personal protective equipment 
 
However, the above production-dust concentration data can be effectively used as 
a parameter in an exposure assessment index tool. Based on the concentration 
values and coal production “DELI – production” was plotted in Figure 10.8. The 
production values on the plot are divided into A, B, C and D categories in order 
for use as a parameter in DELI. 
 
In order for effective use of this information, a matrix has been developed (Table 
10.1) and discussed hereafter. The contents are based on the coal production-dust 
concentration levels in the respective zones as shown in Figure 10.8. 
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Figure 10.8: Use of the production levels as a parameter in DELI 
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Table 10.1: Production-dust concentration indicator models for dust 
exposure levels 
 
Plot area Production Concentration Exposure degree Description 
A Any In compliance I Good 
B1 Low Medium II Moderate to sensitive 
B2 Medium Medium II Moderate to sensitive 
B3 High Medium III Unhealthy 
B4 Very high Medium III Hazardous/Unhealthy 
C1 Low High III Unhealthy 
C2 Medium High III Unhealthy 
C3 High High IV Very unhealthy to Hazardous 
C4 Very high High IV Very unhealthy to Hazardous 
D1 Low Very high IV Very unhealthy to Hazardous 
D2 Medium Very high IV Very unhealthy to Hazardous 
D3 High Very high  IV Very unhealthy to Hazardous 
D4 Very high Very high IV Very unhealthy to Hazardous 
 
10.4 Summary 
 
This chapter briefly summarizes the use of coal production and measured dust 
levels as a parameter in DELI for assessment of dust exposure. The intention of 
the use of production as a parameter is that it directly influences the ultimate dust 
exposure levels of workers underground and can be very effectively used as an 
administrative tool for prioritising the tasks and re-assigning the workers who are 
exposed to high levels of dust to lower areas of dust levels underground. Finally, 
the study recognizes the complexity of determining escaped dust levels in coal 
mines which use wide variety of dust control systems and recommends developing 
an quantitative index purely on coal production. 
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Chapter 11 Inherent Respirable Dust Generation 
Potential (IRDGP) of South African Coals 
11.1 Introduction 
 
This chapter attempts to evaluate the potential of different coal dust types as a 
parameter in assessing exposure levels based on its known health risk. The effect 
of inhaling different types of coal dust, and its probable health impact upon 
exposure is addressed in the literature (Chapter 2). The intention of this chapter of 
the research study is, however, to determine the Inherent Respirable Dust 
Generation Potential (IRDGP) of various South African coal types from various 
provinces and its use in dust exposure assessment. The IRDGP for this study is 
defined as the quantification of the airborne respirable dust for South African 
coals in a laboratory set-up using a specified roll-crusher. 
 
11.2 Previous Studies Relating Coal Characteristics and 
Dust Generation 
 
The epidemiological findings on the relationship between coal rank and 
development of CWP led to numerous studies on coal types and generation of 
respirable dust. Internationally, a number of laboratory studies have been 
conducted on the relationship between coal characteristics and respirable dust 
generation. Some of the findings of the past research on coal types and dust 
generation potential are summarized as follows: 
 
• A laboratory study (Thakur, 1973) involving 20 coals from lignite to anthracite 
in the USA indicated that the yield of respirable dust varies with coal 
properties and coal seams. 
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• Higher rank coals produce larger masses of dust in the finer size range 
(Thakur, 1974, 2003). 
• Laboratory studies indicate a consistent positive correlation between coal rank 
and the amount of respirable-sized particles found in the product (Srikanth et 
al. 1995; Moore and Bise 1984; Baafi and Ramani 1979). However, these 
results were based on measurement of dust in the product and not 
measurements of airborne respirable dust. In the mining and roll crushing of 
coal there is much less regrinding compared to jaw crushing (Organiscak and 
Page 1998; Ramani et al. 1987). 
• The Airborne Dust Release Capacity (ADRC) defined as the ratio of the mass 
of dust that actually becomes airborne to the total mass of the airborne size 
fraction increases with coal rank (Polat, 1990). 
• Work by Organiscak et al. (1992) indicated that high volatile, low ash coal 
seams (lower rank coals) tended to produce more airborne respirable dust. 
• Airborne respirable dust (ARD) concentrations increased with volatile matter 
(VM) content, and decreased with increase in fixed carbon content of the 
bituminous coal samples tested (Page et al., 1993). 
• A USBM longwall dust generation study (Organiscak et al., 1990) found that 
seam type was related to the amount of ARD found at the operation. Low ash, 
high-volatile bituminous coal seams tend to generate more dust. 
• In the research study by Organiscak and Page (1998), the coal rank and CWP 
relationship was reported to be in part related to the increase in dust cloud 
charging properties of higher rank bituminous coals and the increase in lung 
deposition observed by Melandri et al. 1983. 
 
The search for the cause(s) of CWP continues despite the vast amount of research 
that has been undertaken over the past forty to fifty years. Good correlation 
between the mass of dust inhaled over workers’ lifetimes and the incidence of the 
disease has led to the development of effective standards and implementation of 
proper dust control procedures in the work place. Results of investigations in the 
field of pneumoconiosis in the past 30 years indicate that the mine dusts in the 
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various deposits of the European and American hard coal mines have a different 
fibrogenicity. With their medical surveillance program, NIOSH has recently 
determined that coal miners continue to have an elevated risk for CWP under the 
current MSHA dust standard and recommended reduced dust levels as standard. In 
order to achieve this goal, dust exposure of the workers must be reduced 
significantly. Recently, ACGIH recommended a TLV-TWA of 0.9 mg/m3, for 
miners exposed to bituminous dust or lignite coal dust and a TLV-TWA of 
0.4 mg/m3 for miners exposed to anthracite coal dust (ACGIH 2001). Therefore, it 
follows that inherent respirable dust generation rates of different coal types may 
give some administrative direction to dust control in South Africa and could 
probably assist in evaluating the medical surveillance data of coal mine workers. 
 
11.3 Use of Dust Type in DELI 
 
As discussed in the literature review of the thesis (Chapter 2), the historic research 
studies have indicated the influence of coal dust type on the propensity of 
developing CWP. Therefore, coal dust type can be viewed as an administrative 
(better management) parameter in controlling the worker exposure to specific dust 
type of dust in an operation as well as an indicator of exposure. 
 
No literature relating South African mine workers with various CWP levels to 
coal rank has been found. A research study into the single breakage of nine 
American and four South African coals indicated that the primary respirable dust 
generation rates of South African coals were higher than those of six out of the 
nine American High volatile bituminous coals tested (Ramani and Srikanth, 
1996). The primary respirable dust generation for that particular study is defined 
as the quantification of the generation of respirable dust in laboratory primary, 
single breakage experiments (Srikanth and Ramani, 1997). A single breakage 
process is one that does not involve secondary breakage (or regrinding). However, 
no study has yet been done in South Africa, to determine the inherent respirable 
dust generation potential (IRDGP) of various coal seams. Therefore, any new 
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information acquired through such a study could be used in future to investigate 
the relationship between the exposure levels, dust types and the disease rate 
among South African coal miners from a long-time perspective. 
 
Determination of IRDGP in actual underground conditions would give 
discrepancies as coal-cutting involves primary, secondary and multiple breakage 
of coal and respective dust measurement is affected by a number of coal-specific 
and environment-related factors. Therefore, laboratory crushing studies would 
better reflect the IRDGP or dustiness of different coal types. 
 
11.4 Experimental Procedure 
 
The present investigation studies the inherent respirable dust generation potential 
(IRDGP) of different coal types. The aim of this part of the research study was to 
contribute to the understanding of the IRDGP or dustiness of South African coal 
types. The objective was to quantify the amount of inherent respirable dust that 
becomes airborne from a particular coal type, rather than the respirable crusher 
product or its size distribution. 
 
11.4.1 Test Facility 
 
The IRDGP test facility was built at the Kloppersbos research centre. The line 
diagram of the laboratory crushing set-up is shown in Figure 11.1. The laboratory 
test facility comprised a roll crusher located at the intake end of a 0.9 m high by 
1.2 m wide wood framed hard board sheet rectangular wind tunnel 8.0 m long 
(Figure 11.2). An exhaust fan and a dust collector were located at the discharge 
end of the tunnel. The roll-crusher used for the study was similar to the 
specifications used by NIOSH in their dust generation research study (Organiscak, 
1999). 
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Figure 11.1: Line diagram of the test facility 
 
 
 
 
Figure 11.2: Photographic view of the test facility 
 
The crusher was a 1.1 kW compact double roll-crusher (79.4 mm diameter rolls) 
operating at 70 rpm consistently with twenty-four 12.7 mm high staggered teeth 
on each roll. The roll crusher used had a fixed gap of 28.57 mm (1.125 inches) 
between the rolls. The crusher was designed to produce a product size less than or 
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equal to 15.88 mm or 0.625 inches. Airborne gravimetric respirable dust samples 
were collected downstream of the crusher at an approximate distance of 2.0 m 
from the crusher. 
 
11.4.2 Coal Sample Collection and Properties of SA coals 
 
The majority of coal mined in South Africa comes from five different numbered 
seams, viz., Seam 1, Seam 2, Seam 3, Seam 4 and Seam 5. Coal seams are 
numbered according to geological formation (bottom-up). In South Africa, coal 
mines are found in Mpumalanga, Kwa Zulu Natal, Free State and Limpopo 
(Northern) provinces (Figure 11.3). 
 
 
 
 
Figure 11.3: South African provinces 
 
Table 11.1 below shows the summary of Run-of-Mine (ROM) coal samples used 
for the roll-crusher experiments. 
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Table 11.1: Summary of Run Of Mine (ROM) coal samples for the tests 
 
Province Operator Mine Coal seam Coal type Coal Rank 
Limpopo A Elisras Bench 2 Bituminous Medium-Rank C 
  Elisras Bench 3 Bituminous Medium-Rank C 
  Elisras Bench 4 Bituminous Medium-Rank C 
  Elisras Bench 5 Bituminous Medium-Rank C 
  Elisras Bench 6 Bituminous Medium-Rank C 
  Elisras Bench 7B Bituminous Medium-Rank C 
  Elisras Bench 9A Bituminous Medium-Rank C 
  Elisras Bench 9B Bituminous Medium-Rank C 
  Elisras Bench 11 Bituminous Medium-Rank C 
Mpumalanga B Bosspruit 4 Bituminous Medium-Rank C 
    Twistdraai West 4 Bituminous Medium-Rank C 
    Syferfontein 4 Bituminous Medium-Rank C 
    Middlebult 4 Bituminous Medium-Rank C 
    Boosjespruit 4 Bituminous Medium-Rank C 
    Twistdraai East 4 Bituminous Medium-Rank C 
    Sigma colliery 2 Bituminous Medium-Rank C 
    Sigma colliery 2 Bituminous Medium-Rank C 
    Brandspruit 4 Bituminous Medium-Rank C 
    
Twistdraai 
Central 4 Bituminous 
Medium-Rank C 
Mpumalanga C NDC 4 Bituminous Medium-Rank C 
  Goedhoep 2 Bituminous Medium-Rank C 
  Goedhoep 4 Bituminous Medium-Rank C 
  Bank 2 Bituminous Medium-Rank C 
  Bank 5 Bituminous Medium-Rank C 
Mpumalanga D Khutala 4 Bituminous Medium-Rank C 
  Rietspruit 1 Bituminous Medium-Rank C 
  Rietspruit 4 Bituminous Medium-Rank C 
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  Rietspruit 5 Bituminous Medium-Rank C 
  Middleburg 1 Bituminous Medium-Rank C 
  Middleburg 2 Bituminous Medium-Rank C 
  Middleburg 4 Bituminous Medium-Rank C 
  Middleburg 5 Bituminous Medium-Rank C 
  Koornfontein 2 Bituminous Medium-Rank C 
  Douglas 2 Bituminous Medium-Rank C 
  Douglas 4 Bituminous Medium-Rank C 
  Douglas 5 Bituminous Medium-Rank C 
  Optimum 2 Bituminous Medium-Rank C 
  ATC 5 Bituminous Medium-Rank C 
Kwa Zulu 
Natal 
 Zululand 
Anthracite 
Main Anthracite Medium-Rank B 
 
For the laboratory tests, the bulk run of mine (ROM) coal samples were collected 
from four different operators representing different coal seams, coal types and 
geographical regions. The ROM coal samples with an approximate size of 
120 mm in thickness representing various coal types were collected from face 
areas. Of note, there were no operating coal mines with coal seam number 3. The 
majority of the coal samples collected were from coal seam 2 and 4. 
 
Based on the rank designation parameter (Vitrinite Random Reflectance-VRT), all 
South African bituminous coals fall under the Medium–Rank C (Ortho-
Bituminous) category except Kwa Zulu-Natal Anthracite coals which fall in to 
category Medium-Rank B (Meta-Bituminous) in accordance with the International 
Classification of Coal Seams Using Rank Parameter (Energy/WP.1/R.50; Bulletin 
112, 1998). In summary, it can be concluded that there are only two coal types in 
South Africa, i.e., bituminous coals and Kwa Zulu Natal higher rank anthracite 
coals. An ash content of between 15 and 20 percent is fairly common in most of 
the South African coals, except anthracite coal which has an ash content of less 
than 10%. 
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11.4.3 Dust Instrumentation 
 
Dust sampling was carried out using a Hund real-time dust monitor and three 
gravimetric samplers operated at 2.2 L/min according to the new 
ISO/CEN/ACGIH respirable size-selective curve. A Hund real-time monitor 
continuously monitored the respirable fraction of the dust and was positioned in 
the middle of the chamber facing the air stream consistently for the duration of the 
tests. All the gravimetric dust sampler inlets were positioned facing towards the 
airflow. Preliminary crushing trials indicated that the dust chamber air velocity to 
maximize dust concentrations in order for quicker mass collection on the filter 
was 0.8 m/sec; therefore, the chamber air velocity was maintained at 0.8 m/sec for 
all the experiments. 
 
11.4.4 Laboratory Experimental Procedure 
 
The following procedure was followed during the laboratory studies: 
 
1. Before commencement of the experiment, the intake end of the dust chamber 
and intake feeder of the crusher were cleaned. Clean air was passed using 
exhaust fan for over five minutes to create a continuous fresh airflow prior to 
the introduction of the coal sample. 
2. Prior to the tests, all the dust pumps were calibrated. A Gilibrator primary 
standard flow meter was used to establish the required air flow rate using an 
equivalent pressure restriction of the cyclone and filter assembly. 
3. The dust monitors were placed inside the chamber at their identified position 
and the crusher was then switched on. 
4. After approximately five minutes, a fixed mass of different coal sample mix 
was fed manually into the crusher hopper in order to obtain enough dust on the 
filters. 
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5. The coal samples were randomly run in the roll crusher test facility. The 
airborne respirable dust generated per unit of coal crushed in the air-stream 
was determined by gravimetric sampling along the length of the test chamber. 
6. After sampling ceased, the air pumps and real-time monitors were turned off 
and the time noted. Throughout the experiment, the air pumps and the 
condition and operation of the sampling train were monitored. 
7. The dust samples were removed from the samplers for determination of mass. 
8. At the conclusion of the test, a PC was used to download data from the Hund 
real-time monitor. This data was then translated into an ASCII text file that 
may be read with a spreadsheet program to calculate average dust 
concentrations during the test periods. 
9. After each test, dust monitors were then cleaned, new filters installed, and 
prepared for the next test. 
10. After completion of each test, the roll-crusher was switched off and the dust 
chamber was cleaned. 
11. In each experiment, data on gravimetric dust samples, instantaneous 
concentrations recorded by real-time monitor, amount of batch feed coal 
sample, and crushing times were recorded. 
 
11.4.5 Data Analysis 
 
The gravimetric dust samples collected during the experiments were analysed to 
determine the airborne respirable dust levels. Using the real-time data, individual 
respirable dust levels were determined for each coal sample crushed. The specific 
inherent respirable dust generation potential (IRDGP) for each crushed coal 
sample was calculated as follows: 
 
 
1000
(min.) Time Sampling  2.2  )(mg/m SC
  (mg) SRDM
3 ××
=
   (11.1) 
 
Where, 
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SRDM  is the sample respirable dust mass for the crushed coal samples 
SC  is the sample concentration for the crushed coal sample 
2.2  is the sampling flow rate (L/min) of cyclone 
 
TMIRD = SRDM × 0.864 × Crushing Time (sec)    (11.2) 
 
Where, 
 
TMIRD is the total mass of inherent respirable dust for the air volume (mg) 
0.864  is the volume of air through the chamber (m3/sec) 
[0.9 m × 1.2 m × 0.8 m/sec] 
 
Therefore, inherent respirable dust generation potential (IRDGP) is equal to: 
 
0.001 CSW 
TMIRD
  IRDGP
×
=
       (11.3) 
 
where, 
 
IRDGP is the inherent respirable dust generation potential (mg/ton) 
TMIRD is the total mass of inherent respirable dust mass (mg) 
CSW  is the crushed coal sample mass (kg) 
 
Essentially the IRDGP data will be in the form of IRDGPij (mg/ton). The 
subscripts have the following definitions: 
 
i = coal seam type, i  = 1 is seam #1; i = 2 is seam #2; i = 3 is seam #4; i = 4 is 
seam #5  
j = coal rank type, j = 1 is Bituminous coal; j = 2 is Anthracite coal; k = Waterberg 
coal 
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Associations between the experimental variables on the IRDGP were analysed by 
scatter plot examination and statistical analysis of significance of individual 
parameters. The statistical package MINITAB 13.0 was used for analysis 
purposes. The IRDGP information on different coal samples was used as a tool for 
classification of the coal type in dust control mechanisms and, in assessing the 
worker exposure based on the dust generation potential of coal. 
 
11.5 Results and Discussions 
 
The following paragraphs discuss the IRDGP results of various ROM coal 
samples crushed during the tests. The real-time data of the experiments are shown 
in Appendix E. 
 
11.5.1 IRDGP of ROM Coal Samples-Kumba Resources  
 
Table 11.2 summarizes the relevant measured and calculated parameters for the 
ROM coal samples from Kumba resources. The coal samples represent 
Bituminous medium rank C and were from an opencast operation in Limpopo 
province. There were a total of 29 coal samples crushed with an average feed mass 
of 14.56 kg and average crushing time of 149 seconds. The analysis of the 
crushing data indicated that there was no clear relationship between crushing time 
and feed mass. 
 
Table 11.2: Summary of ROM coal samples from Kumba mines 
 
Sample 
weight 
Crushing 
time 
Respirable dust 
level 
IRDGP Sample # 
Kg Secs. mg/m3 mg/ton 
E-3 14.40 106 50.48 1247.71 
E-3 12.70 110 39.61 1195.46 
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E-7b 15.00 95 12.71 242.23 
E-7b 15.30 99 10.04 203.70 
E-7b 16.60 137 10.62 380.28 
E-7b 15.50 171 11.77 703.26 
E-5 13.30 176 7.25 534.94 
E-5 14.70 179 9.92 684.81 
E-5 13.40 127 8.50 324.11 
E-5 13.20 116 10.76 347.54 
E-2 13.50 205 11.51 1134.66 
E-2 14.70 183 15.96 1151.74 
E-2 15.50 145 9.66 415.33 
E-2 17.50 140 13.65 484.23 
E-11 14.90 270 12.04 1866.30 
E-11 12.40 222 19.15 2411.21 
E-11 15.80 224 13.87 1395.50 
E-11 15.00 96 12.91 251.20 
E-4 15.10 156 11.87 785.97 
E-4 12.60 192 12.95 1028.04 
E-4 14.60 144 16.16 1106.88 
E-9B 16.10 166 21.42 1161.32 
E-9B 13.50 172 21.25 1475.57 
E-9A 14.70 197 21.47 1795.39 
E-9A 10.90 104 19.13 601.51 
E-9A 13.10 140 25.22 1195.41 
E-6 14.20 89 15.70 277.36 
E-6 15.00 79 17.84 235.15 
E-6 19.00 85 26.78 322.57 
 
Figure 11.4 shows the IRDGP of Kumba resources coal samples from different 
operating benches. 
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Figure 11.4: IRDGP of ROM coal samples from Kumba Resources 
 
The mean or average IRDGP of Kumba resources coal samples was 860 mg/ton 
with minimum and maximum IRDGP values of 204 mg/ton and 2411 mg/ton 
respectively for the test conditions. From the plot, it can be seen that scatter is 
wide and approximately 45% of the samples were above average IRDGP of the 
ROM coal samples crushed. The reasons can be attributed to the coal samples 
which contained host rock materials such as sandstone and shale bands and it took 
a longer time to crush the coal samples. 
 
 
11.5.2 IRDGP of ROM Coal Samples-Sasol Mines  
 
Table 11.3 summarizes the pertinent measured and calculated parameters for the 
Sasol coal mine ROM samples. The coal samples crushed represent Bituminous 
medium rank C and were from underground operations from seam 1, 2 and 4 in 
Mpumalanga province. There were a total of 28 coal samples with an average feed 
mass of 14.00 kg of coal and average crushing time of 146 seconds for individual 
tests. 
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Table 11.3: Summary of ROM coal samples from Sasol mines 
 
Sample 
weight 
Crushing time Respirable dust 
level 
IRDGP Sample # 
Kg Secs. mg/m3 mg/ton 
Bosjesspruit-1 13.00 171 9.42 724.26 
Bosjesspruit-2 12.20 63 1.03 84.73 
Bosjesspruit-3 9.50 54 0.76 79.83 
Bosjesspruit-4 14.50 253 58.71 4048.97 
Syferfontein-1 14.50 75 3.88 267.87 
Syferfontein-2 14.80 107 6.07 409.97 
Syferfontein-3 11.60 73 2.18 188.32 
Syferfontein-4 12.30 138 9.94 807.92 
Middelbult 7.00 31 0.39 56.01 
Sigma-S1 12.20 162 5.90 483.28 
Sigma-S2 14.40 116 3.13 217.46 
Sigma-S3 16.50 136 4.39 266.29 
Sigma-S4 13.20 72 2.13 161.47 
Twistdraai W1 11.90 117 4.37 367.59 
Twistdraai-E1 18.00 180 11.21 622.81 
Twistdraai-E2 14.20 116 5.09 358.48 
Twistdraai-E3 13.40 142 8.51 635.09 
Twistdrai-E4 16.00 284 16.56 1034.98 
Twistdrai-E5 14.00 101 2.97 212.18 
Twistdraai-C1 14.80 242 49.53 3346.79 
Twistdraai-C2 14.00 206 38.60 2757.04 
Twistdraai-C3 12.00 238 43.08 3589.82 
Twistdraai-C4 14.50 154 15.55 1072.30 
Twistdraai-C5 17.40 106 11.96 687.64 
Twistdraai-C6 16.00 176 19.15 1197.10 
Brandspruit-1 12.70 224 21.18 1667.64 
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Brandspruit-2 13.20 106 5.73 434.29 
Brandspruit-3 23.00 245 31.41 1365.72 
 
Figure 11.5 shows the Inherent Respirable Dust Generation Potential (IRDGP) of 
Sasol mine coal samples. 
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Figure 11.5: IRDGP of ROM coal samples from Sasol mines 
 
The mean or average IRDGP of Sasol mine coal samples was 970 mg/ton with 
minimum and maximum IRDGP values of 56 mg/ton and 4048 mg/ton 
respectively. The outliers in the plot are due to the long crushing time of coal 
samples and not necessarily due to the differences in type of coal seam. This can 
be attributed to the presence of host rock material. From the plot we notice that 
approximately 32% of the samples were above average IRDGP for the coal 
samples crushed. 
 
11.5.3 IRDGP of ROM coal samples-Amcoal mines 
 
Table 11.4 summarizes the pertinent measured and calculated parameters for the 
Amcoal ROM coal mine samples. The coal samples crushed represent Bituminous 
medium rank C and were from underground operations from seam 2, 4 and 5 in 
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Mpumalanga province. There were a total of 40 coal samples with an average feed 
mass of 14.56 kg and average crushing time of 153 seconds. The analysis of the 
crushing data indicated that there was no clear relationship between crushing time 
and feed mass. 
 
Table 11.4: Summary of ROM coal samples from Amcoal mines 
 
Sample weight Crushing 
time 
Respirable dust level IRDGP Sample # 
kg Secs. mg/m3 mg/ton 
Bank Coal-2 11.80 218 24.67 3147.27 
Bank Coal-2 11.90 143 20.56 1119.32 
Bank Coal-2 11.80 215 19.95 2475.59 
Bank Coal-2 12.00 180 21.32 1823.92 
Bank Coal-2 11.90 95 26.32 632.39 
Bank Coal-2 12.10 237 13.56 1993.82 
Bank Coal-2 11.90 144 19.23 1061.68 
Bank Coal-2 16.40 192 27.16 1934.14 
Bank Coal-2 14.10 108 17.85 467.68 
Bank Coal-2 14.60 142 18.74 819.83 
Bank Coal-2 12.70 254 14.17 2279.82 
Bank Coal-2 12.90 246 12.93 1920.91 
Bank Coal-2 12.90 86 18.52 336.38 
Bank Coal-2 14.80 236 11.49 1369.91 
Bank Coal-5 12.90 112 15.93 490.86 
Bank Coal-5 12.90 130 9.95 413.01 
Bank Coal-5 12.90 178 6.72 523.06 
Bank Coal-5 12.00 179 6.08 513.90 
Bank Coal-5 13.00 93 13.52 285.01 
Bank Coal-5 13.00 117 12.60 420.27 
Bank Coal-5 13.00 103 14.00 361.82 
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Bank Coal-5 12.50 76 15.48 226.63 
Goedhope-2 12.90 196 22.44 2116.74 
Goedhope-2 12.70 146 19.68 1046.26 
Goedhope-2 13.00 196 15.23 1425.86 
Goedhope-2 12.70 150 25.49 1430.41 
Goedhope-4 13.50 174 21.14 1501.83 
Goedhope-4 13.70 150 22.14 1151.74 
Goedhope-4 15.20 248 13.69 1754.84 
Goedhope-4 14.60 121 11.89 377.71 
Goedhope-4 15.20 115 12.09 333.34 
Goedhope-4 14.50 173 11.76 769.07 
Goedhope-4 16.00 211 10.13 892.75 
Goedhope-4 19.70 181 13.33 702.12 
NDC-4 15.00 97 13.77 273.66 
NDC-4 14.10 90 12.79 232.79 
NDC-4 15.10 111 10.17 262.91 
NDC-4 15.10 82 18.69 263.61 
NDC-4 15.90 144 11.92 492.29 
NDC-4 15.60 94 17.70 317.56 
NDC-4 15.50 111 15.86 399.52 
 
Figure 11.6 shows the Inherent Respirable Dust Generation Potential (IRDGP) of 
Amcoal ROM coal samples. The coal samples crushed represent Bituminous 
medium rank C and were from underground operations in Mpumalanga province. 
The average IRDGP of operator C samples was 984 mg/ton with minimum and 
maximum IRDGP values of 227 mg/ton and 3147 mg/ton respectively. From the 
plot, it can be seen that approximately 42% of the samples were above average 
IRDGP for the coal samples crushed. 
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Figure 11.6: IRDGP of ROM coal samples from Amcoal mines 
 
11.5.4 IRDGP of Coal Samples-Ingwe Mines 
 
Table 11.5 summarizes the pertinent measured and calculated parameters for the 
Ingwe ROM coal mine samples. The coal samples crushed represent Bituminous 
medium rank C and were from underground operations from seam 1, 2, 4 and 5 in 
Mpumalanga province. Also, anthracite coal samples of medium rank B from the 
underground operations in the main seam in Kwa Zulu Natal province were 
crushed. There were a total of 77 coal samples with an average feed mass of 12 kg 
and average crushing time of 186 seconds. 
 
Table 11.5: Summary of ROM coal samples from Ingwe mines 
 
Sample 
weight 
Crushing time Respirable dust 
level 
IRDGP Sample # 
kg Secs. mg/m3 mg/ton 
Middleburg-4 12.00 120 0.83 68.83 
Middleburg-4 15.00 178 1.90 126.63 
Middleburg-5 10.30 108 1.44 139.98 
Middleburg-5 10.00 128 2.31 230.56 
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Middleburg-4 10.30 110 1.21 117.91 
Middleburg-4 10.90 168 4.63 424.77 
Middleburg-4 7.70 128 3.48 451.69 
Middleburg-4 11.40 294 10.39 911.67 
Middleburg-2 11.20 98 2.55 227.95 
Middleburg-2 12.20 120 5.10 418.35 
Middleburg-2 9.60 102 3.69 384.76 
Middleburg-2 11.20 212 9.65 861.47 
Middleburg-2 11.10 156 9.15 824.61 
Middleburg-2 11.50 104 4.93 429.09 
Middleburg-2 11.90 112 1.55 130.30 
Middleburg-2 11.30 148 6.77 599.48 
Middleburg-2 11.30 210 10.45 924.67 
Middleburg-4 12.80 141 6.51 508.58 
Middleburg-4 12.80 107 5.64 440.93 
Middleburg-4 12.80 207 13.47 1052.50 
Middleburg-4 12.80 194 18.13 1416.24 
Middleburg-4 11.60 168 9.20 793.38 
Middleburg-2 12.80 295 14.68 1146.78 
Middleburg-2 12.80 117 5.76 449.82 
Middleburg-2 12.70 145 7.83 616.16 
Middleburg-2 12.90 77 2.86 221.56 
Middleburg-2 12.80 126 8.26 645.38 
Middleburg-2 12.80 92 3.64 284.57 
Middleburg-1 12.90 204 16.07 1245.82 
Middleburg-1 12.80 121 6.29 491.72 
Middleburg-1 12.80 130 6.87 536.41 
Middleburg-1 13.40 186 11.73 875.65 
Middleburg-5 12.90 278 17.52 1358.12 
Middleburg-5 13.00 166 12.16 935.32 
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Middleburg-4 12.80 136 9.32 728.37 
Middleburg-4 12.70 233 12.87 1013.00 
Middleburg-4 13.50 254 15.67 1160.64 
 
 
Table 11.5: Contd. Summary of ROM coal samples from Ingwe mines 
 
Sample 
weight 
Crushing 
time 
Respirable dust 
level 
IRDGP Sample # 
kg Secs. mg/m3 mg/ton 
Koornfontein-2 11.00 116 1.41 127.85 
Koornfontein-2 10.00 168 2.51 251.27 
Koornfontein-2 11.60 149 3.25 279.99 
Koornfontein-2 10.00 136 2.05 205.09 
Koornfontein-2 11.60 91 1.77 152.42 
Koornfontein-2 11.00 164 3.19 289.86 
Douglas-1 10.20 162 3.42 334.92 
Douglas-2 13.20 388 7.23 547.59 
Douglas-2 11.90 430 5.60 470.56 
Douglas-4 12.00 212 5.22 435.33 
Douglas-5 11.00 324 5.11 464.44 
KZN-E 13.00 174 18.32 1408.99 
KZN-E 12.70 145 20.94 1648.52 
KZN-E 12.40 631 206.30 16637.07 
KZN-Main 12.90 226 53.29 4130.63 
KZN-Main 18.00 469 391.53 21751.69 
KZN-Main 11.90 303 32.77 2753.44 
KZN-Main 18.70 727 256.69 13726.76 
KZN-Main 12.80 243 69.46 5426.81 
KZN-Main 12.20 184 34.28 2810.00 
Optimum-2 6.40 56 1.18 184.45 
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Optimum-2 12.50 128 7.25 580.36 
Optimum-4 10.00 165 9.96 996.49 
Rietspruit-5 12.90 162 8.33 645.76 
Rietspruit-5 12.90 98 4.43 343.67 
Rietspruit-5 13.00 80 3.62 278.58 
Rietspruit-5 12.90 273 8.16 632.70 
Rietspruit-5 14.00 177 9.71 693.80 
Rietspruit-4 13.00 134 8.04 618.76 
Rietspruit-4 13.00 170 15.56 1196.66 
Rietspruit-4 12.90 184 6.32 490.11 
Rietspruit-4 13.00 138 5.88 452.32 
Rietspruit-4 13.00 190 19.24 1479.88 
Rietspruit-4 13.10 244 14.79 1128.78 
Rietspruit-4 14.60 148 7.79 533.90 
Rietspruit-1 13.10 208 12.98 990.65 
Rietspruit-1 12.80 188 12.43 971.20 
Duiker-5 4.00 52 2.11 527.58 
Duiker-5 8.20 126 8.05 981.45 
Khutala-4 10.00 55 2.29 228.65 
 
 
Figure 11.7 shows the Inherent Respirable Dust Generation Potential (IRDGP) of 
Ingwe coal mine samples. 
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Figure 11.7: IRDGP of ROM coal samples from Ingwe mines 
 
 
The average IRDGP of Ingwe mine coal samples was 1442 mg/ton with minimum 
and maximum IRDGP values of 69 mg/ton and 21751 mg/ton respectively. 
Excluding the Kwa Zulu Natal coal samples, the IRDGP for the Ingwe mine 
samples was 590 mg/ton. The average IRDGP for the Kwa Zulu Natal anthracite 
coal was 7810 mg/ton. From the plot, a clear distinction between the coal types 
was noticeable. Kwa Zulu Natal coals are anthracite (medium rank B) and other 
coals were bituminous coals (medium rank C). 
 
Table 11.6 summarizes the IRDGP of different coal types and coal seams for all 
the test samples. Figure 11.8 shows the average IRDGP for different coal types, 
coal seams and mine operators during the study. 
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Table 11.6: Summary of average IRDGP data for the ROM coal samples 
 
IRDGP Data, mg/ton Description 
Minimum Maximum Average No. of 
Samples 
Avg. 
crushing 
time, sec. 
Coal Seam-1 335 1246 778 7 171 
Coal Seam-2 128 3147 847 47 162 
Coal Seam-4 56 4049 833 63 155 
Coal Seam-5 140 1358 523 20 148 
Elisras Coal 204 2411 860 29 149 
Natal Coal 1409 21752 7810 9 345 
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Figure 11.8: Summary of IRDGP of ROM coal samples 
 
Statistical analyses was carried out on the IRDGP data obtained from this 
laboratory study. Analysis of Variance (ANOVA) was used to test the effect of 
coal rank and coal seam on IRDGP. The results of ANOVA on the coal rank and 
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IRDGP data and coal seam type and IRDGP data was done separately and are 
summarised in Table 11.7. 
 
Table 11.8: Results of Analysis of Variance (ANOVA) 
 
Sources of Variation Df MS F value Pr>F 
Coal Type (semi-bituminous, semi-
anthracite and Waterberg coal)  
2 210055705 67.84 0.000 
Error 173 3096133   
Total 175    
 
Coal Seam Type (1, 2, 4 and 5) 3 538221 1.05 0.373 
Error 134 513195   
Total 137    
 
 
The main factors of the statistical analysis were: coal type and coal seam. The 
value of the F-ratio obtained from the coal type and IRDGP data for the 
experiments was 67.84; and the p-value was 0.000 at the 5 % level of significance 
indicating that coal rank influences the IRDGP of coals. Similarly, there was no 
significant effect of coal seam type data (p = 0.373) on IRDGP for this study. 
 
11.6 Inherent Respirable Airborne Silica Content 
 
Efforts have been made in the past to quantify the inherent silica content in the 
South African coal seams, since scant published research data are available for the 
coal mining industry. A SIMRAC handbook of occupational health practice in the 
South African mining industry reports that Mpumalanga, Gauteng and Free State 
coal have a quartz content of about 2%, whereas Kwa Zulu Natal coal contains 3% 
quartz. Fundamental studies on the relationship between quartz levels in the coal 
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seam and the respirable dust generated during coal mining have indicated that the 
quartz contents in the airborne dust in U.S. coal mines are generally higher than 
those in the coal seam (Ramani et al., 1987) due to the need to mine roof material 
together with generally thinner coal seams. 
 
As a part of this study, investigations were extended to quantify the inherent 
respirable silica content of different coal seams and coal types, representing 
various coal mines operating in different provinces. From these tests, 25 different 
airborne respirable coal dust samples representing SA coal seams were analysed 
for inherent silica content. Inherent silica content is defined as the percentage 
silica content measured in the respirable dust of the crushed coal samples for the 
study. The probable sources of silica in the coal are the presence of thin layers of 
white sandstone bands (origin of the name ‘Witbank’ coal fields in South Africa). 
Figure 11.9 shows the silica content of the inherent respirable dust samples 
representing various coal types in South Africa. 
 
From the results, it is seen that 54 % of the analysed coal dust samples did not 
have any detectable silica content. The maximum measured silica content of the 
South African coal seam was from a surface mine coal sample with 6.6 % silica 
content. This is probably due to the presence of shale or other host rock containing 
silica. The average measured silica content of all the coal seams containing silica 
was 3.5 %. In summary, it can be concluded that the inherent silica content is less 
than 5 % in the test samples of South African coal mines. Based on the inherent 
silica content of the South African coal, worker exposure to silica dust is relatively 
low compared to gold mines. The comparison was made due to the fact that South 
African gold mines have a high prevalence of silicosis due to the presence of high 
levels of silica dust in the host rock. 
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Figure 11.9: Inherent respirable silica content of the South African coals 
 
11.7 Conclusions of the Laboratory Work 
 
In summary, the following observations can be made from the IRDGP data of the 
test coal samples: 
 
• For the first time, a clear delineation of coal types (Bituminous and 
Anthracite) that possess the most inherent respirable dust generation potential 
was possible. 
• There is no conclusive relationship between different coal seams (1, 2, 4 and 
5) and inherent respirable dust generation potential (IRDGP). The majority of 
the mine operators are currently exploiting coal from seams 2 and 4. 
• Average crushing time of coal samples for this study indicated that the 
crushing time decreases in the order of seams 1 to 5. Kwa Zulu Natal coals 
took the highest crushing time during the tests when compared to the other 
coal seams and coal types. The reasons can be attributed due to inherent coal 
properties of high rank anthracite coals. 
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• Measured IRDGP of Limpopo coal was less than commonly occurring seam 2 
and seam 4 coals in Mpumalanga province. 
• Inherent silica content of South African coal seams indicate that average 
inherent silica for the test coals was 3.54%. 
• Statistical analyses have indicated that the coal rank has a significant influence 
(p = 0.000) on inherent respirable dust generation potential (IRDGP) and 
inconclusive relationship between SA coal seams and IRDGP (p = 0.373). 
 
11.8 Coal Dust Type as DELI Parameter  
 
The intention of determining the IRDGP of South African coals is to effectively 
transmit the new information and model to the mine risk assessors and risk 
managers. The information will assist the coal mining industry to protect the 
workers from exposure to specific dust, as well as to encourage effective control 
of face area dust. Mass distributions of respirable dust from various coal samples 
from US mines have indicated that anthracite coal produces larger masses of dust 
in the finer size range when using similar breakage techniques in anthracite and 
bituminous coal. Consequently, the mass of dust permanently deposited in the 
lungs per unit time, which determines the degree of hazard, is higher for anthracite 
than high volatile bituminous coal (Thakur, 1974). 
 
Mine dust standards are applied uniformly to every coal mine type in South 
Africa. However, ACGIH recommends a TLV-TWA of 0.9 mg/m3, for miners 
exposed to bituminous dust or lignite coal dust and an TLV-TWA of 0.4 mg/m3 
for miners exposed to anthracite coal dust (ACGIH 2001). Therefore, based on the 
knowledge of past studies on the effect of coal dust type on health and inherent 
respirable dust generation studies, effective use of coal dust type is therefore 
proposed and a matrix has been developed (Table 11.8). The contents are based on 
the IRDGP data, dust level for an 8-hr period and health risk on exposure is 
marked for the respective concentration zones as shown in Figure 11.10. Based on 
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the dust levels and coal type, the plot (Figure 11.10) is divided into A, B, C and D 
categories in order for its use in DELI. 
 
Table 11.8: Coal dust type indicator model for dust exposure levels 
 
Concentration Coal Type Concentration 
zone 
Colour Health 
Risk 
Description 
< 1 mg/m3 Bituminous A Green I Good 
< 1 mg/m3 Anthracite D Green II Average 
1 to 2.0 mg/m3 Bituminous B Yellow II Average 
1 to 2.0 mg/m3 Anthracite E Orange III Poor 
> 2 mg/m3 Bituminous C Red III Unacceptable 
> 2 mg/m3 Anthracite F Red IV Unacceptable 
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Figure 11.10: Use of the coal dust type parameter in DELI 
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11.9 Summary 
 
This chapter summarizes the inherent respirable dust generation potential 
(IRDGP) of South African coals. The resulting information and its use as an index 
of worker exposure to dust is discussed. This study carried out experimental work 
that resulted in critical information on dust type and inherent respirable dust 
generation potential for the first time for South African coals. Based on the 
measured respirable dust data of the South African coals, it can be concluded that 
majority of the coal mining operation provinces such as Mpumalanga, Free State 
and Limpopo have, on average, similar IRDGP, while Kwa Zulu Natal coal 
samples which are anthracite type coal have greater IRDGP. 
 
This information will be helpful for dust control in both surface and underground 
operations. The intention to use the coal dust type is that it is a clear parameter 
that will assist in assessing dust exposure risk of workers to coal dust. Also, the 
effectiveness of a dust-control system is also dependent on coal dust type. 
Therefore, coal dust type can be used as an administrative type of exposure control 
parameter and as an exposure index for health risk where the management can 
effectively rotate the worker to different operations so as to reduce the increased 
risk of CWP. The coal dust type parameter in an overall DELI tool is 
recommended for use in exposure surveillance by the occupational hygiene 
professionals for developing dose-response relationships for South African coal 
miners working in different coal types. To date there has been no clear delineation 
for South African workers who are exposed to different dust types. Therefore, it is 
recommended that a research study be conducted to investigate prevalence of 
CWP among workers in Kwa Zulu Natal coal mines and other provinces with the 
DELI tool to assist in determining historic dose and developing dose-response 
curve that will ascertain the overseas health research studies. 
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Chapter 12 Conclusions and Recommendations 
 
The dust hazard to miners in South Africa was first specifically recognized and 
brought under intensive study during the early years of this century. In the coal 
mining world, South Africa has some of the best mining conditions resulting in 
bord and pillar mining in long development headings and increased production. 
With the enticement for coal production and resulting financial rewards, the focus 
on the working environment has often been neglected or has taken a back seat. 
The Leon Commission of Inquiry (1994) looked into Occupational Health and 
Safety (OHS) in the South African mining industry over the past 30 years or more. 
In South Africa, the burden of diseases from working in mines was unacceptably 
high, with a peak of about 25 000 per annum of applications for compensation for 
occupational lung diseases (Annon, 2002). 
 
In previous years, the main emphasis and focus of occupational health activity on 
the mines has been on regulating the compensation for occupational diseases 
rather than the prevention thereof. The Minerals Act (1971) focused 
predominantly on safety issues in the mining industry with no emphasis on 
promoting the occupational health status of workers. The deficiencies were 
overcome by the new Mine Health and Safety Act (MHSA, 1996) to provide a 
comprehensive legal framework for creating a healthy and safe working 
environment. The Mine Health and Safety Act of 1996 entrenches the right of 
workers to refuse to do dangerous work, thereby paving the way for improved 
health and safety conditions in the mining industry. 
 
According to the World Health Organization (WHO) report (2002), development 
of work-related lung diseases is influenced by the amount of exposure and the 
toxicity of the dust, and the diseases are characterized by long latency periods. 
Therefore, even in countries in which exposures have been recognized and 
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controlled, the disease rates are only gradually declining (NIOSH, 1999). However 
rate trends in developing countries like South Africa are mostly unknown but the 
magnitude of the problem appears to be substantial when compared with 
developed countries (Chen et al., 2001). 
 
Most of the exposure-based epidemiological studies have assumed that cumulative 
exposure is a good measure. The drawback of such types of studies is that it 
requires an accurate knowledge of past exposures of individuals or populations as 
functions of time over the periods of interest. Health risk assessment of exposure 
to coal dust involves historic data on worker exposure to dust. Prevention and 
control of CWP requires detailed information on the past and present dust level 
workers are exposed to. Many of the “dose-response” curves for coal dust were 
derived from specific “sampling projects” in different countries, viz., 
Pneumoconiosis Research Unit (PRU) in Great Britain, Germany and USA. In 
Great Britain and Germany, a dose-response curve was obtained using fixed 
samples in the return airways. However, in South Africa, the past data are not 
readily available, so one requires reconstruction of the exposure assessment 
through various mathematical models and probabilistic reasoning. Therefore, to 
develop a systematic framework of a dust exposure level index with the currently 
available data and the knowledge leading to probable exposure would be of great 
benefit to all the parties involved. 
 
In recent years, CWP and other occupation related lung diseases are becoming a 
high-litigation risk in terms of potential claims for the South African mining 
operations. Use of true dust exposure data results in a more accurate dose-
response curve. There is no clear dose-response relationship for the South African 
coal mine workers for CWP. Due to the lack of critically important data to review 
the current dust standards, and no information on dose-response curves, this thesis 
has set out to examine several critical exposures related parameters that were not 
previously investigated or evaluated and those could be used in developing CWP 
dose-response curve for South Africa. 
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The data gathered in this thesis is well documented and has been measured 
following strict protocols and is, therefore, reliable information that can be used in 
future. The dust data obtained in this research study is from engineering, and static 
dust measurement methods in the South African coal mines and infers the possible 
health effects on the worker from overseas developed dose-response models. 
Practical experience and various historical methods highlight the convenience of 
easily interpreting the critical scientific data in a simple and understandable way. 
The introduction of such indices into the mining industry is not strange to people 
in the mining world. However, from the dust pollution and exposure point of view 
there is no such tool available to-date in South Africa. 
 
The research proposed in this study had the objective of the development of a 
unique index to evaluate the coal dust exposure of a worker while underground. 
The index is called the Dust Exposure Level Index (DELI). This index will be 
unique as it depends on many parameters discussed in this Thesis, and 
combinations of these parameters in dust exposure assessment were not used 
heretofore. With the evolvement of effective dust control techniques, better 
understanding of size-selective sampling, and  newly developed real-time 
monitoring instruments, the monitoring of respirable dust is now a practical 
possibility. Therefore, focusing attention to quantitatively measure the exposure 
levels through a qualitative index is appropriate. It is hoped that the DELI would 
provide critical priorities to evaluate efficiency of dust control systems and 
identify new, better ways of reducing dust in the coal mines. 
 
The main objectives of this research work was the development of DELI using 
various identified parameters as they are expected to achieve the following: 
 
• DELI will be an administrative tool incorporating the set of controllable 
parameters that greatly influence the assessment of worker dust exposure 
levels. It will be useful to mine operators to check on their process, 
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mineworkers to identify their estimated qualitative exposure levels and the 
enforcement authorities to have their views influenced by the index. 
• It will identify the major operational factors affecting the exposure level of 
workers to coal dust. 
• As the development of a comprehensive index of exposure has not been done 
anywhere in the world, this will be unique to the South African coal mining 
industry. 
• Clarifies the current disagreement, where mines, are under non-compliance 
due to the uncontrollable natural circumstances that differ from mine to mine. 
This would enable the non-compliant mine operator to search for innovative 
production techniques in order to reduce the dust levels. 
 
The research concentrated on developing a new investigative tool or method of 
assessing the dust exposure of workers by mainly focusing on controllable factors, 
which are influential in reducing the dust exposure. Figure 12.1 outlines the 
parameters that are mostly controllable in order to minimize the worker’s 
exposure to dust and considered important for inclusion in the DELI. 
 
Above Average
Average
Below Average
Production
High
Medium
Low
Inherent Dust
Dust Generation
High
Medium
Low
Peak Dust Concentration
High
Medium
Low
Particle Size-Surface Area
High
Medium
Low
Intake Conc.
High
Medium
Low
Return Conc.
3-15m
15-25m
Cutting Block
Heading
Split
Cutting Direction
DELI
 
Figure 12.1: Parameters of DELI 
 
Each parameter has been discussed in the respective chapters of the thesis. The 
data for developing an index, DELI, was based on analysing extensive 
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underground sampling data collected according to the new ACGIH/ISO/CEN size-
selective respirable curve and measured in underground production sections. The 
results of analyses of these parameters are summarised in the conclusions below. 
 
12.1 Conclusions 
 
The research work described in this thesis has led to very explicit conclusions, 
which were made at appropriate places in the Chapters of this thesis. As expected, 
a large amount of dust related information was gathered during the course of this 
research study. Conclusions obtained for the various identified controllable 
parameters to be used in DELI are as follows: 
 
Conclusions on Historic Dust Exposure Data 
 
Published historic information on coal dust exposure data in South African coal 
mines could not be found in the literature. It was reported in 1996 that South 
African coal mines showed gravimetric dust readings far exceeding the acceptable 
range and were often as high as 120 mg/m3 (Safety Management, 1996). The 
calculated average of the dust level data collected as part of this study during 1990 
in conventional, continuous mining and longwall mining operations were 
4.42 mg/m3, 5.92 mg/m3 and 3.71 mg/m3 respectively. This indicates that the dust 
levels have increased with mechanisation, i.e. with the move from conventional 
mining to continuous mining. This to be expected as production per shift 
increased considerably during this changeover. From the data it is noted that the 
CM operations made higher dust levels than the longwall operations (only a few in 
South Africa), probably due to the lack of auxiliary ventilation control devices 
available at the time. Similarly, during the longwall operations, the measured dust 
levels were lower than the conventional mining. This can be attributed to effective 
dust control systems on the shearers and ease of ventilation of longwall faces.  
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Conclusions on contribution of stone dust in collected dust samples 
 
The application of stone dust was introduced in the early 1990s and regulations 
came in to effect in 1998 in order to reduce the coal dust explosion risks in South 
African coal mines. The stone dust and coal dust levels derived from personal 
real-time dust data indicated that longer exposure to stone dust or contamination 
of coal dust samples due to stone dusting can result in significantly higher non-
compliance personal or engineering dust samples. Further, this also may give a 
“false” indication of the efficiencies of the dust-control systems in the sections. 
 
Conclusion on Effect of Cutting Block and Cutting Direction 
 
The dust exposure levels in the various working areas (i.e., heading or split) 
during coal cutting in a bord and pillar coal mine was carried out indirectly 
through a detailed analysis of the efficacy of the 12 m rule as defined in the 1997 
directive. The study indicated that a worker positioned inside the cabin of a CM 
during the cutting of a 24 m block is usually at a higher exposure risk than the 
worker when cutting a 12 m block. Based on the mean dust levels, the miner who 
is operating in a heading is exposed to more dust than when operating in a split. 
Analysis of the dust levels at the CM operator’s position indicated that the 
application of a 12 m rule on its own does not solve the dust problems, but that 
meticulous application of available state-of-the-art dust control technologies, best 
work practices, and the regular maintenance of the installed system can have a 
significant effect. 
 
Conclusion on Influence of Peak Dust Concentration Levels
 
 
The average or cumulative dust values used in exposure assessment or dose-
response curves for a working period does not discriminate between dust levels 
which are nearly constant and when frequent peak dust levels occur during an 
operating shift. The peak dust levels for the study are defined as the respirable 
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dust level recorded by the real-time dust monitor at the CM operator’s position 
during an underground working shift which is a multiples of the statutory 
compliance level of 2.0 mg/m3.  
 
As discussed in Chapter 6, the occurrence of peak dust levels is determined using 
real-time dust monitors. Unlike waiting a few days for conventional gravimetric 
sample results, the real-time information can be very effectively used just after the 
shift for estimating the worker exposure level. The task can be carried out using 
the real-time monitor data positioned at the machine operator’s position and 
analysing the peak dust levels for their frequency during the shift. The real-time 
data can be downloaded and quickly analysed using the peak model of DELI. 
 
The results show a clear relationship between the average dust levels and the 
frequency of occurrence of “peak” dust levels. Comparing shift dust levels with 
frequency of peak dust levels indicates that frequency of occurrence of peak dust 
levels (50 mg/m3 or above) during a shift average dust level of greater than 
5 mg/m3 is double that of shift average dust levels of less than 5 mg/m3. The use 
of the peak dust level parameter is based on the hypothesis that a worker who is 
working in the face area and is exposed to frequent peak concentration levels 
could be subjected to such a dust deposition in the alveolar region of the lung that 
the clearance capacity of the lungs is overcharged. Therefore, more dust is retained 
and more severe and frequent radiological changes develop. Also, the recovery 
period for the worker in the face area from the deposited lung dust is also 
comparatively higher. Despite the lack of medical evidence on the influence of 
‘peak’ dust exposure levels on health for coal dust, it has been noted that this is an 
important factor for dust control and thus exposure assessment purposes. In any 
event, the long-term peak dust influence on health can only be examined with an 
adequate record of peak dust levels. Further, the real-time dust information can be 
wisely applied to evaluate the available state-of-the-art dust control technologies, 
best work practices, and to audit maintenance of the installed dust control systems 
to ensure that dust levels are controlled immediately and after every shift. 
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Conclusion on Influence of Section Intake Dust Levels 
 
As a part of this research study, the section intake dust levels measured over the 
five year period in selected South African underground coal mines indicated that 
the average section intake dust level was 0.80 mg/m3. Approximately, 60% of the 
intake samples collected for the study have exceeded the 0.5 mg/m3 limit (or 25 % 
of the OEL of 2 mg/m3). Also, the intake concentration level measured at the 
longwall face was much higher than in the CM headings. 
 
The intention to use intake dust levels as an exposure level index is that it clearly 
plays the part as a corner stone in the effective control of exposure to face area 
respirable dust. It must be borne in mind that the section intake dust level is a base 
to the mine worker exposed to dust without carrying out any additional work in 
the section. If the intake air is seriously contaminated by airborne respirable dust, 
then the exposure of the workforce in the section will constantly be elevated by 
that background dust level. 
 
Conclusions on Influence of Section Return Dust Levels 
 
As a part of this research study, the section return dust levels measured over a five 
year period in the South African underground coal mines indicated that the 
average section return dust level was greater than 2 mg/m3. Longwall section 
return dust levels are approximately six times the CM dust levels. The reasons can 
be attributed to the method of mining, coal production per shift, method of dust 
control systems (i.e., dust suppression or dust dilution), and ventilation systems. 
The intention to use the return dust levels is that they are the clear indicators of the 
exposure levels of the section workers to coal dust, effectiveness of the ventilation 
system to dilute the airborne dust and dust-control system’s effectiveness. The 
return dust levels can be easily monitored using fixed point samplers (where the 
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movement of machinery is limited) and requires less human intervention and is an 
easy to use parameter in dust exposure assessment. 
 
Conclusion on Influence of Coal Production and Dust Exposure Levels 
 
The research study indicated that there is no conclusive relationship between coal 
production and respirable dust levels. Despite the lack of clear evidence in terms 
of production and concentration levels, the following holds true with high 
confidence levels. In the coal mining industry, there are various types of cutting 
machines that can generate various fractions of respirable dust during coal 
production. In order to control the respirable dust and reduce worker exposure 
levels, various dust control systems are being used in the mines. This research 
study has shown that the type of dust control system type has a pronounced effect 
on the measured dust levels in the mines. However, the following conclusions can 
be made in order to use production as a parameter in estimating dust exposure 
levels. 
 
The capture efficiency of any dust control system is not one hundred percent at 
any given time. During any cutting process for a given time and dust control type, 
part of the escaped respirable dust is added to the coal face atmosphere through air 
re-circulation. Therefore, respirable dust levels can be expected to increase with 
time during the shift, even at constant production levels. The intensity of dust 
exposure therefore varies with the type of dust control system. Since the exposure 
levels are directly related to coal production and efficiency of the total dust control 
system, the exposure levels increase with an increase in coal production. 
 
Therefore, use of production, as a parameter in DELI exposure assessment is that 
it directly influences the ultimate dust exposure levels of workers underground 
and can be very effectively used as an administrative tool for prioritising the tasks 
and re-assigning the workers who are exposed to high levels of dust to areas of 
less dust underground. It will also provide an opportunity to evaluate the 
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administrative approaches in prioritising the dust control measures versus coal 
production. 
 
Conclusion on Influence of Fine Particles 
 
The proposed particle size parameter is based on the hypothesis that the worker 
who is exposed to high percentages of fine particles is at a greater health risk than 
the one who is exposed to low percentage of fine particles. From the size analyses 
data, the calculated total surface area of respirable dust (<10 µm) for dust 
concentrations of 2.37 mg/m3, 3.89 mg/m3, 5.56 mg/m3 and 5.62 mg/m3 are 
2.48 m2, 3.76 m2, 2.35 m2 and 2.75 m2 respectively. It is interesting to note from 
the calculations that there is no clear relationship between the concentration and 
total surface area of respirable dust. Due to the lack of state-of-the-art size 
characterization instruments, and the limited number of samples used, this study 
recognizes that the conclusions obtained on the “size” parameter cannot be used in 
the DELI model. Therefore, one of the recommendations of this thesis is that 
future work is conducted to determine the finger-print of "total surface area" of 
compliance respirable coal samples collected underground at various dust 
generating sources. 
 
Conclusion on Influence of Inherent Dust Generation Potential 
 
For the first time, a clear delineation of coal types (semi-bituminous and semi-
anthracite)  and inherent respirable dust generation potential (IRDGP) was 
possible. Apart from a small amount of semi-anthracite found in Kwa Zulu Natal, 
most of the South African coal is of the semi-bituminous type. The typical range 
of volatile matter of coal is between 25 % and 31 %, while ash content is 10 % to 
24 %. Analysis of Variance (ANOVA) results of this study indicated that coal 
rank influences the IRDGP of coals (p = 0.000). There is no conclusive 
relationship between different coal seams (1, 2, 4 and 5) and IRDGP (p = 0.373) 
as they are all of semi-bituminous type. The majority of the mine operators are 
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currently exploiting coals from seam 2 and 4. For the test conditions, Kwa Zulu 
Natal coals took the highest crushing time during the tests when compared to the 
other coal seams and coal types. Measured IRDGP of Limpopo coal was less than 
the commonly occurring seam 2 and seam 4 coals in the Mpumalanga province. 
 
Conclusion on Silica Content 
 
Inherent silica content of South African coal seams indicate that average inherent 
silica for the test coals was 3.54 %. However, historically analysed airborne coal 
dust samples for quartz has indicated that they were below the limit of detection of 
X-ray spectrometer. However, caution must be exercised when assessing exposure 
specifically in the presence of sandstone bands and roof-bolt operators. 
 
12.2 Air Quality Index (AQI) 
 
The following paragraphs discuss the practical aspects of assessment of dust 
exposures using Air Quality Index (AQI) in the coal mines. AQI is generally 
expressed as a single unit number. Its usually expressed in DME public 
information reports as a percentage of personal respirable dust samples collected 
in a mine with an AQI of greater than “one.” AQI of less than or equal to the value 
of “one” indicates that the dust exposures are below the Occupational Exposure 
Limits (OELs) used at the time of evaluation. In the coal mines, personal dust 
samples are collected bi-annually for various occupation groups. AQI for coal dust 
is expressed as  
 
AQI coal dust =  +
OEL
S
OEL
S
Q
Q
C
C
     (12.1) 
 
Where, 
 
CS = the coal dust concentration level of the sample in mg/m3 
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COEL = the OEL for coal dust in mg/m3 (for personal samples it is 2 mg/m3 
and for engineering dust samples it is 5 mg/m3) 
QS = the quartz level in coal dust in mg/m3 
QOEL = the occupational exposure limit for quartz dust, i.e., 0.1 mg/m3 
 
A typical way of using AQI in the mines and their reports is through the number of 
occupationally exposed persons exposed to AQI ≥ 1 (See example Table 12.1). 
The problems with the usage of AQI is the poor descriptions of dust problem areas 
and its magnitude. The values of AQI are obtained once a year by various mines 
and are used more on a reactive basis and for levy determination. It must be noted 
that coal mines in the country continuously take vast numbers of dust samples, 
analyse them and then submit the dust values to the DME. 
 
Table 12.1: Typical use of AQI in the publicly available reports 
 
 
 
It is estimated that the coal mining industry spends just over R15 million annually 
on dust sample analysis alone. This does not include the human resource cost to 
the industry. However, there are no avenues to analyse the quality of the submitted 
dust levels and one cannot distinguish whether the significant number of non-
compliant samples or significant number of very low concentrations (VLC) in the 
data drastically obscures the worker dosage expressed in “average” terms. Non-
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availability of valid data or AQI numbers leads to limited proactive steps in 
developing new dust control technologies under the assumption of “no dust 
problem situation.” 
 
It is observed that AQI shows (See Table 12.1) the value of greater than “one” but 
would not give the exact location of dust problem ‘areas’ immediately. Lack of 
human resources and technical skills, makes it difficult to analyse the submitted 
AQI values and pinpoint the problem areas. Add to that, due to the lag time 
between the submitted dust values and the arrival of the results, some sections will 
be already moved or some are closed down. Therefore, it is of less or no use to 
know the AQI values when that mine is no longer working or workers have been 
retrenched or no longer in employment. Since 1997, as per the DME directive, 
dust samples are collected at the CM operator cabin, at every continuous mining 
machine. However, no proper analyses of dust values can be obtained. It is to be 
hoped that DELI would assist in a better way of dealing with the dust exposure 
assessment of workers and be beneficial to coal mines. 
 
12.3 Development of Dust Exposure Level Index (DELI) 
 
The main objective while developing DELI was to provide critical information as 
an index for the coal mine sector as a whole, i.e., to show whether the 
environment is dusty, border line or relatively free of dust and effectiveness of 
administrative and engineering dust control measures. 
 
An appropriate and efficient method of judging a workplace for level of dust 
exposure is to understand the working place and identified parameters influencing 
the dust exposures as discussed in this Thesis. After determining the values for 
each parameters, values can be assigned for each parameters as given in a DELI 
index chart developed herein. According to this chart, a coal mine section can be 
judged for its dust levels with various identified parameters influencing dust 
 - 255 - 
exposures. It would therefore be advantageous for mine officials to evaluate that 
“entire mine dust control system” as well as exposure levels. 
 
In comparison to AQI, DELI is based on the dust levels at a source, i.e., CM 
operator cabin and in addition other controllable parameters that can assist in 
evaluating and reducing the exposure levels in the working places. DELI is 
expected to give a ‘picture’ of how average dust levels increase or decrease in the 
air as it flows through the mine, and shows the areas in which the dust reaches 
undesirable levels due to natural, engineering and administrative factors. This is 
achieved through ‘selective’ dust measurements in the section. Input for the DELI 
model is based on the parameters identified and analysed in previous chapters and 
is shown in Figure 12.1. 
 
The DELI is based upon the information from fixed sample dust levels at 
identified positions as well as the CM operator sample. The benefits of fixed 
position sampling are that they are measured at the same positions unlike personal 
sampling. Although personal dust sampling gives the breathing zone samples, the 
dust values thus obtained will have large variances and may obscure the “true” 
dust levels depending on the wearer. It was assumed that fixed-point dust 
sampling represented in this research study could be functionally related to places 
where miners are working. Also, as in Britain and Germany, where dose-response 
curves were developed and have been used, fixed-point samplers are used in the 
return airway. British studies have suggested that on average the men on the face 
area are subjected to about 70% of dust levels measured in the return airway of a 
single entry/exit longwalls and it must be borne in mind that this relationship will 
not be applicable to the continuous miner bord and pillar sections or multiple entry 
longwall or longwalls with different ventilation configurations. 
 
This study takes into account, the merits of personal exposure level data in 
exposure assessment, and the limitations and quality of the data one obtains in the 
South African situation using fixed-point sampling. Furthermore, fixed position 
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sample values used in DELI need only a few ‘representative’ measurements, as 
they will be able to provide adequate information on the general average dust level 
in that mine or a section. Also, with the greatly improved and practical methods of 
dust sampling available, one can make use of positional sampling and obtain 
critical information, which is currently lacking for epidemiological studies. 
 
In order to provide useful guidance to the uneducated workforce and also to the 
management on dust conditions in the mine, it is desirable that some definite 
“limit of acceptability” be set. These limits used in DELI are based upon 
recommended guidelines, coal dust standards prescribed by the compliance 
authorities in countries worldwide or best standards in practice and latest 
information available based on epidemiological studies on coal dust exposure. 
Such acceptable limits are coal dust standards for example, OELs by HSE, PELs 
of OSHA, RELs of NIOSH, TLVs of ACGIH etc., Some of the other influencing 
parameters (for example., cutting distance, cutting direction, peak dust levels etc.,) 
are based on extensive analyses of dust data as discussed in various Chapters in 
this Thesis and the authors’ experience underground in relation to the parameters 
identified which influences the dust exposure. The colour index used in DELI 
charts and the designated points for various parameters (which are highly 
subjective and applicable to South African conditions) are summarised in Table 
12.2. 
 
However, it must be noted that the assignment of DELI points and DELI colour is 
purely subjective and based on the conclusions arrived from this work and he 
professional experience of the author. 
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Table 12.2: Summary of assigned points and color code for the DELI 
parameters 
 
DELI Parameter Levels DELI 
Point 
DELI 
Colour 
DELI Description 
Section Intake Dust < 0.5 mg/m3 10 Green Good 
 < 1.0 mg/m3 7.5 Yellow Average 
 < 1.5 mg/m3 5 Red Unsatisfactory 
 > 1.5 mg/m3 2.5 Red Unhealthy and Unsafe 
Section Return Dust < 1.5 mg/m3 10 Green Good 
 < 2.0 mg/m3 7.5 Yellow Average 
 < 2.5 mg/m3 5 Red Unsatisfactory 
 > 2.5 mg/m3 2.5 Red Unhealthy and Unsafe 
Engineering Dust level < 5 mg/m3 10 Green Good 
 < 6 mg/m3 7.5 Yellow Average 
 < 7.5 mg/m3 5 Red Unsatisfactory 
 > 7.5 mg/m3 2.5 Red Unhealthy and Unsafe 
Personal Operator Dust < 2 mg/m3 10 Green Good 
 < 2.5 mg/m3 7.5 Yellow Average 
 < 3 mg/m3 5 Red Unsatisfactory 
 > 3 mg/m3 2.5 Red Unhealthy and Unsafe 
Cutting Direction Heading [H] 5 Red Unsatisfactory 
 Split [S] 10 Green Good 
Cutting Distance 15 10 Green Good 
 20 7.5 Yellow Average 
 24 5 Red Unsatisfactory 
 30 2.5 Red Unhealthy and Unsafe 
Average shift production 500 10 Green Good 
 750 7.5 Yellow Average 
 1000 5 Red Unsatisfactory 
 1200 2.5 Red Unhealthy and Unsafe 
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Peak (>100 mg/m3) dust 
frequency  
< 12 10 Green Good 
 < 20 7.5 Yellow Average 
 < 25 5 Red Unsatisfactory 
 > 30 2.5 Red Unhealthy and Unsafe 
Coal Dust Type Bituminous 5 Green Good 
 Anthracite 2.5 Red Unsatisfactory 
Respirable silica levels, 
% 
< 5 10 Green Good 
 10 7.5 Yellow Average 
 15 5 Red Unsatisfactory 
 > 20 2.5 Red Unhealthy and Unsafe 
 
It has become obvious during this study that a large number of dust measurements 
(engineering and personal samples) have been made over the years (up to 80,000 
dust samples per annum) and are being recorded but without any feedback on any 
valuable information to the industry. On the other hand due to its in-built 
controllable parameters the DELI can provide useful information on dust exposure 
levels at the working place. Figure 12.2 and 12.3 show the input to the DELI 
model (including AQI calculations) and developed DELI model output which is 
easy to interpret and can be used after every shift. 
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Figure 12.2: DELI input model (including AQI) 
 
DELI-DUST EXPOSURE LEVEL INDEX
DELI Good Average Unsatisfactory Unhealthy
POINTS and Unsafe
Section Intake Dust 1.89 2.5 10 7.5 5 2.5
Section Return Dust 2.84 2.5 10 7.5 5 2.5
CM Engineering Dust Level 5.81 7.5 10 7.5 5 2.5
Personal CM Operator Dust 2.07 7.5 10 7.5 5 2.5
CM Cutting Direction S 10 10 7.5 5 2.5
CM Cutting Distance 18.00 7.5 10 7.5 5 2.5
Average Shift Production 1400.00 0 10 7.5 5 2.5
Peak Dust Levels 0 10 10 7.5 5 2.5
Coal Dust Type Bituminous 5 10 7.5 5 2.5
Inherent or Airborne Silica, % 6.00 7.5 10 7.5 5 2.5
Dust Exposure Level Index 60 100 75 50 25
UNSATISFACTORY
DELI COLOUR INDEX BORDER LINE
SATISFACTORY
DELI POINT INDEX 100-75 Good
74-50 Average
49-25 Unsatisfactory
24-0 Unhealthy and Unsafe
 
 
Figure 12.3: Developed model output of Dust Exposure Level Index (DELI) 
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The DELI model also considers the visual “colour” coding for easy interpretation 
and understanding of exposure dust levels to uneducated workforce. Therefore, the 
DELI model colour code is “RED” if the dust conditions and exposure levels are 
“Unsatisfactory”, is YELLOW if “Borderline” and is GREEN if “Satisfactory.” 
The DELI range is subdivided into four general descriptor categories; good, fair, 
poor and very poor. The good range is from 100-75, the average range is 74-50, 
the unsatisfactory range is from 49-25 and the unhealthy and unsafe range is 24-0. 
The ultimate convention for the design of DELI is that 'DELI - 100' corresponds to 
a measured coal dust exposure level that will have a very low level of health 
hazard. The index decreases with deteriorating underground dust concentration 
levels at various places. The value 100 corresponds to the maximum desirable 
level while 75 correspond to the maximum acceptable level and 50 correspond to 
the maximum tolerable level. Modifications to these values can be made after the 
actual use of the DELI model in many coal mines and experiences has been 
gained. 
 
12.3.1 DELI Advantages 
 
It is rarely that the mine operator achieves (but uses as a guideline) an internal 
policy that company Occupational Exposure Limit (OEL) is less than the legal 
limit.  
 
In the South African scenario, some of the problems encountered in obtaining 
reliable and quality exposure data during the years has resulted in no dose-
response curves for the Coal Worker’s Pneumoconiosis (CWP). Based on the 
extensive underground measurements from this research study, various dust 
exposure levels in underground workings have been identified and the DELI 
model has been developed. Although underground coal mining started in South 
Africa in the 1850’s dust measurements were by particle counting from the 1940’s 
until 1990. Over the subsequent years (particularly since 1996), vast amounts of 
data has been gathered using valuable resources but has not been properly 
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analysed for determining the exposure levels. Some of the reasons being available 
assessment methods, which are impractical at the mine levels for quick exposure 
assessment and feedback. The intention of this exercise was to effectively transmit 
the exposure results from this study and recommendations to mine risk assessors 
and risk managers to protect the workers from over exposure. 
 
One of the greatest envisaged benefits of the DELI is through issuance of the 
information in the following form at the mines on a daily, weekly or shift basis, 
viz., dust control plans, mining bulletins, miner health hot lines, safety reports, 
safety meetings, sign boards near waiting places, underground, surface places, 
DME references, individual mine benchmarking exercises. This type of DELI 
index representation gives a clearer and more concise picture of the mine or 
various section dust conditions. The DELI model can also result in a useful advice 
and feedback tool at the work place in controlling dust. 
 
The DELI model technique is expected to give valid results because it is based on 
latest recommended size-selective sampling methods and instrument; the data 
gathered at various locations over a five-year period covering various mines and 
sections; and based on the vast amount of measured data, which was not 
previously available. DELI is a relatively simple tool to use based on the results 
obtained at the identified sampling positions to obtain a “ good overall” picture of 
dusty conditions in the mine and to prioritise the administrative actions on dust 
control. Also, the study contributes to the belief that no mining machinery should 
be allowed underground until it has been equipped with proper dust control 
systems that limit its dust production rate to acceptable levels. 
 
12.4 Application of the DELI Model 
 
As required by Section 11 (1) of the Mine Health and Safety Act of 1996, suitable 
and sufficient assessments of occupational health risk must be made at the work 
place. In the case of coal dust, this requires quantifying the following: potential 
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exposures in the work place, risks based upon exposures, and efficiency of 
existing dust control measures. Health risk assessment of dust exposure should be 
continuous and not regarded as a one-off exercise. In that perspective DELI looks 
into critical areas of dust exposure and prioritises the areas for managing the dust 
exposure. 
 
The “DELI’ is a good measure of the overall dust hazard or exposure level index 
because it takes into account different operational parameters as well as the 
different parts of the mine where the method of DELI information presentation 
gives mine management and workers a clearer picture of the exposure levels and 
dusty situations on the mines than the current AQI, which is number based and 
unclear. In future, data-logger/instrument manufacturers can accommodate 
features of DELI in their dust monitoring devices and an enforcement agency such 
as the Department of Minerals and Energy (DME) could opt for a system that can 
be effectively hardwired into the central dust database management system. 
 
The application of the results of this research using the DELI model is evaluated 
for coal mine data obtained by carrying out dust measurements at relevant 
locations identified in the model and a short self-explanatory example is included 
in Appendix (F) to illustrate the use of DELI and its comparison with AQI. It can 
be seen that the DELI model provides greater detail on dust levels in a simple and 
easy to use format. As the final overall conclusion, the newly developed DELI 
model from this research study can be an appropriate diagnostic exposure 
assessment tool to give a fair reflection of dust levels in a coal mine section. 
 
12.5 Recommendations 
 
During the course of this research study to develop the Dust Exposure Level Index 
(DELI) model for South African underground coal mines, several areas of specific 
research that needs to be continued for a further understanding of coal dust 
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exposure trends and the ultimate reduction of CWP were identified for further 
research: 
 
• In South Africa, the availability of dust exposure data is scant for evaluation or 
at least confirming the various overseas-developed dose-response curves and 
validating the usage of current occupational exposure limits (OELs). The study 
recommends the urgent need for developing and obtaining the dose-response 
curve for the South African coal mine workers. Due to poor information on 
available dust exposure data, an Internet based system should be developed. 
• The developed DELI model is recommended for use in volunteer mines as a 
way to estimate the areas of exposure levels and efficiency of dust control 
systems and evaluate them to quantify the usefulness of the model with the 
AQI. 
• The coal dust type in the DELI tool is recommended for use in exposure 
surveillance by the medical fraternity for developing dose-response 
relationship for the South African coal miners working in different coal types 
since there is no clear delineation for South African workers who are exposed 
to different dust types. Therefore, it is recommended that a research study 
investigating prevalence of CWP among historic workers in Kwa Zulu Natal 
mines and other provinces and also check whether the historic dose will relate 
to the overseas health research studies. 
• The study identifies the need for determining the relationship between fine 
particles and compliance dust levels and for developing “average size 
distribution characteristics of respirable dust” from coal mines. 
• Developing DELI model parameter “distribution of peak levels” based on the 
personal dust measurement data is recommended which assists in quick 
personal estimation of dust levels using a real-time dust monitoring 
instrument. 
• Further investigations are necessary to quantify the amount of stone dust in the 
personal samples obtained from the mines and their frequency occurrence. In 
the mean time, the times at which stone dusting is done during the shifts 
 - 264 - 
should also be noted in the dust sample results. 
• The capture efficiency of any dust control system is not hundred percent at any 
given time. During any cutting process for a given time and dust control type, 
part of the escaped respirable dust is added to the coal face atmosphere 
through air re-circulation. The study recognises the complexity of determining 
the escaped dust levels in coal mines, which use variety of dust control 
systems and recommends developing a quantitative index of personal exposure 
with increases in coal production. 
• An investigative research study be carried out into the question of the validity 
of the use by the authorities of “zero” dust load for the non-sampling period of 
a shift by the authorities for calculation purposes when section intake dust 
levels are high. 
 
Finally, it is hoped that the DELI will be used as a pragmatic diagnostic 
information tool for the coal mining industry to determine a fair reflection of coal 
dust exposures in South African underground coal mines on an ongoing basis. 
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